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ABSTRACT  ~ 


A  10,000  shaft  horsepovfer  submarine  propulsion  system  utilizing  a  closed,  steam 
generation  C3''Cle  with  turbine  reduction  gear  drive  was  assembled  and  operated  at 
the  U.S.N.  Engineering  Experiment  Station,  Annapolis,  Maryland,  from  19U6  to  1951;« 

The  system  was  designated  tlie  Alton  cycle.  The  propulsion  unit  utilized  the 
combustion  of  diesel  fuel  and  decomposed  90/S  hydrogen  peroxide.  Exhaust  gas  from 
the  water  cooled  combustion  chamber  was  desuperheated  to  provide  turbine  steam  inlet 
conditions  of  7^0  psig  and  1300°?  at  full  power.  Tne  cooling  and  desuperheat  water 
supply  was  furnished  by  the  t\irbine  condenser.  Tlie  Alton  cycle  represented  an  improved 
version  of  an  HaOa-diesel  fuel  propulsion  system  rated  at  2500  shaft  horsepower 
developed  by  Germany  during  World  War  II, 

When  the  Alton  project  was  terminated  on  1  March  19Sh,  the  only  major  component  of 
the  system  requiring  further  development  was  the  combustion  chamber.  The  first  Alton 
combustion  chamber  failed  because  of  burning  of  the  water  cooled  chamber  liner  which 
was  in  contact  with  th  t  intense  combustion.  Modifications  of  the  liner,  fuel  nozzle, 
and  liner  cooling  water  system  were  unsuccessful  in  preventing  liner  burnout  particularly 
at  extended  full-power  operation, 

Becco  Chemical  Division  of  Food  Machinery  and  Chemical  Corporation  was  awarded  a 
contract  on  1  May  195U  to  analyze  the  failure  of  the  Alton  cycle  combustion  chamber  and 
to  recommend  steps  to  prevent  burnout.  On  1  July  199U,  a  research  project  commenced 
at  the  Engineering  Experiment  Station  to  develop  a  reliable  chamber  for  the  Alton 
system.  The  development  program  was  sponsored  jointly  by  the  Bureau  of  Ships  Research 
and  Development  Section  and  the  Office  of  Naval  Research.  Becco *s  contract  was  amended 
to  provide  eutjineering  consijituig  services  during  the  duration  of  the  program. 
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actual  . test  jTprk:  under  -tlm  new  prog^  was  starte'l  in /  January  1955*  utilising 
a  combustion  _chaii^er.  liner  design  and  liner  instrumentation  previously- proposed  by 
Becco®  Fuel  nozzle.,  decomposition  gas  inlet  turbulence  devices,  and  combustion  gas 
cooling  water  spray  modifications  were  made  with  varying  degrees  of  success  during  71 
development  test  runs.  A  final  design  evolved  which  gave  successful  operation  for 
2-1/2  hours  of  continuous  running  at  near  full  power  in  the  final  run,  #72-12B,  It  is 
Becco's  opinion  that  the  chamber  configuration  employed  in  min  72-12B  could  successfully 
meet  the  requirement  of  full  power  operation  for  10  hours*  The  program  was  terminated 
on  31  June  1956, 

A  brief  decomposed  HsOh  ~  diesel  fuel  combustion  study  was  conducted  at  iiecco  in 
May  and  June  of  1956  with  a  small  combustion  chamber.  The  progran  evaluated  8  fuel 
injection  or  liner  modifications  that  had  not  been  evaluated  during  tests  of  the  Alton 
system. 

On  the  basis  of  the  test  program  at  EES  and  Becco,  recommendations  are  made  for 
further  improvement  of  the  simi licity  of  design  and  reliability  of  the  combustion 
chamber  configuration  which  operated  successfully  in  run  72-12B,  ■  One  of  the 
recommendations  Is  based  on  an  analytical  description  of  the  Alton  chamber  combustion 
reaction  prepared  by  Becco  consultants.  The  development  of  the  analytical  description 
and  the  close  degree  of  correlation  between  the  analytical  predictions  and  test 
results  is  summarized. 

Additional  recommendations  are  given  for  further  test  work  to  help  form  the  basis 
of  future  HaOa  supported  combustion  chamber  design.  A  possible  method  of  more 
economical  testing  of  combustion  chambers  is  propoeed. 
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rhirinf  World  Vor  II  n  .•■•'’ri  ronov.-^tlnf  tvrMno  system  ■utilizing  .hif^h  strongth 
hydrogen  peroxide,  fuel,  and  v.-ii  or  i-'or:  d.eved.opnd  by  Oermany  for  enbmarine  propul¬ 
sion.  TV  the  end  of  the  liostP  lticn,  many  sea  trials  with  the  siibrnarines  had 
been  conducted,  but  the  craft  l-ad  neb  reached  the  operational  stage  of  develop¬ 
ment.  A  complete  propulsion  system  ’■\ns  brought  to  this  country  in  19lj5»  Tests 
conducted  at  the  Enrineorinr,  E.vneriment  Station,  Annapolis,  Md.,  Td.th  the 
German  equipment  proved  that  apni  i  ti  on  of  high  strength  Hs^a  »and  fuel 
for  submarine  propulsion  was  f>'fisible.  The  German  system  utilized  fi3  per  cent 
HaOa  (17  per  cent  by  weight  ’-a  or)  and  s;i'Tithetic  Diesel  fuel.  At  a  chamber 
pressure  of  ^00  psip  2^00  shaft  horsepower  could  he  developed  with  the  steam 
turbine-  reduction  gear  arrangement. 

Starting  in  1*^1'^^,  a  nwf  nronulsicn  system  similar  to  the  German  plant 
■was  built  by  Allis-Chalmers  Mfg.  Corn,  and  was  designated  the  Alton  Cycle©  It 
was  installed  in  a  submarine  b-,  l’.!  mock-xip.  The  Alton  Cycle  t’^as  originally 
desi,'nert  to  produce  a  maximum  rf  7500  shaft  I'D  at  750  psig  chamber  pressure  and 
1300*F  combustion  ohamber  dlscharpo  temperature.  Early  in  the  test  program, 
the  output  power  rating  was  increased  to  10,000  shaft  HP  at  the  same  exhaust  tempera¬ 
ture  anci  chamber  pressure.  Full  power  operation  was  to  be  sustained  for  10  hours. 

The  combustion  chamber  (Figure  l)  was  fed  --rith  decomposition  products  of  90^  HgOe, 
Diesel  fuel,  and  v'ater.  The  Fr.Gs  was  first  decomposed  ill' a  catalyst  chamber  initc 
steam  and  oxygen  at  1360*F.  Fuel  was  injected  into  the  decomposition  gases  as 
they  entered  the  combustion  chamber.  Ignition  of  the  Diesel  fuel  occurred  without 
the  help  of  an  igniter  because  of  the  high  temperature  of  the  decomposition  gases. 

The  diluent  w^ter  which  circulated  through  the  catalyst  and  combustion  chamber 
cooling  passages  was  sprayed  into  the  ccmHistion  gases  Just  above  the  combustion 
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chnmbor  nitlrt  to  rorhico  the  o-'riour.t  tomporoturc  to  13f^0*F<, 

On  1  Mnreh  tl’e  dcvoloonont  Tvroioot  of  the  ,^lton  Cycle  wes  terminated o 

At  tlip  tine  of  ■"ork  teirri  notif  r, ,  the  •'niy  oo^iTfonent  of  the  system  thet  reoulred 
farther  testing  vse  th'-  comhrrrion  chamber.  Operntion  nt  750  psir  chamber 
pressxire  resralted  in  combnsti oliombor  ’iner  brrninp»  Efforts  to  prer/ent 
liner  damnre,  increesed  coolir.!-  •'••eter  vclccity«  thinner  liner  vails,  more  heat 
resistant  materiel  for  liner  c Jinposition,  lorper  liner  diameter  at  the  com- 
bnstion  rone,  Err-rirl  imparted  ‘o  "-.he  ‘'vel  spray,,  elimination  of  helical  fins 
or  other  puide  fins  in  the  roc'.inr  nassaros,  and  the  iise  of  Solaramic  coatlnp  for 
the  inner  linor  surface,  were  rsuccecsful® 

As  a  result  of  a  confercrico  l-old  on  5  May  lf<ij  at  01!?.,  Washinpton,  Df  C., 

Becco  submitted  a  prcnosal  to  0'!?  to  conduct  a  complete  study  of  the  Allis- 
Chalmeirs  chamhor  failure  and  to  r^'cemmend  steps  to  prevent  burnouts.  The 
contract  a’-ar-:  or!  to  =ecco  on  th'^  a  of  1he  nrcnosal  ^-’as  desirnated  Nonr 
li'PyCOC).  CYi  1  July  a  rr-.-oarcb  -^roiect  sponsored  jointly  by  BuShips 

Pesearch  and  Tevelopmont  Bectl'-n  and  tl'.e  Office  of  Naval  Research,  Povrer  Branch, 
commenced  at  the  S.  Naval  En,-i neorinr  Experiment  Station,  Annapolis,  Md.,  (E.E.S:) 
to  develop  a  reliable  combusti'''n  chamber  f <  r  the  Alton  Cycle.  Becco *s  basic  con¬ 
tract  vas  amended  to  nroTride  censuitinp  services  durinp  the  total  tim.e  of  the 
project  at  E.E.S.  vhich  teminotod  cn  1  July  1956. 

This  report  vill,  in  part-  "iTnrnarire  the  information  nresented  in  Becco 
Report  NR-1  titled,  ’'Preliminary  Analysis  of  Burnout  Failures  of  the  Alton  Cycle 
Combustion  Chamber  CC-1?”,  issued  in  January  1955o 

In  addition,  the  report  tv  H  pro-ide  a  description  of  the  test  system  and 
the  results  of  the  runs  made  ae  E.E.B.  The  in.format5..on  ’111  narallel  the  report 
prepared  b^iT  E.E.S. ,  but  is  nre.-:onted  here  to  act  as  a  hackpround  for  the  mcdifica- 
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tions  advo'.'.-itsd  by  Becco  and  K^.’S  :  c.-r,o.-K-»A .  The  r-s’ilt;)  of  a  short  IFiOrs-Dies^l  fuej. 
combustion  stuciy  'ondreted  ti\o  >:-jnt.:’act  period  at  Becco  and  final  recommendations 

for  the  combustion  system  icrn  a:.  EEo  are  a'cc  included, 

II.  ALTON  CHAMBER  ANALYSIS  a::1  PODIFIQATICN  RECO?bi:NT)ED 

Based  on  experience  t^aine.,  trirc.iyh  bunker  testing  ^t  EES  from  l^LS  to  19^0  a 
prototype  combustion  chamber  aen  ■. :;r.a toe  -.s  CC -lO  v:as  designed  in  1950  to  be  fabricated 
from  3li7  stainless  steel.  (Fig,  1)  ■  The  CC-12  chamber  completed  a  total  of  about  10  hours 
of  successful  operation  in  bunker  tests  of  short  duration  during  1951  and  lb52.  In  1953 
the  chamber  was  operated  a  total  of  approximately  23  hours  during  62  test  runs  in  the 
submarine  hull  mock  up.  In  the  'otter  series  of  tests  the  general  trend  was  increased 
power  development  for  successive  runs.  Runs  59  thru  62  were  made  at  735  psig  turbine 
inlet  pressure  which  is  approximr  teiy  full  power.  In  the  63'^d  test  r.'in,  which  was 
scheduled  lor  10  hours  at  full  I'cwer.,  t’ue  exl-'.3”.st  temperature  and  pressure  began  to 
decrease  after  3  hours  'no  7  miru-tes  on  test.  The  unit  was  secured.  Examination  of  the 
chamber  liner  revealed  numerous  ; cits  ar'd  severe  burning  in  the  conical  head  section  ana 
approximately  l/6h"  of  scale  on  the  vrater  side  of  the  liner. 

The  chamber  'was  repaired  and  modified  by  replacing  the  3U7  stainless  steel  conical 
section  of  the  liner  with  a  ceramic-coated  25-'20  stainless  steel  section  of  the  same 
dimensions.  The  ceramic-coated  7-5-20  stainless  steel  was  expected  to  be  more  heat 
resistant.  The  conical  head  of  the  liner  burned  out  after  a  few  minutes  of  operation  at 
700  psig  in  ru.n  No,  65. 

The  liner  v/as  then  made  u  '  'virVj  1/5''  nickle  wires  to  control  the  coolant  flov; 
pattern  over  the  head  section,  Tl^ie  water  n^s.sage  clearance  between  the  head  and  placket 
was  reduced  to  1/8"  (Figure  2).  Tho  liner  showed  signs  of  burnout  after  5  m.inutes  oper¬ 
ation  in  TUTi  58  v/n'iCh  v,'as  m.ade  poig  turbine  inret  pressure. 
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and  iior  ir.ontai  -ixi?  of  ib.e  tnru'  .  r.  r,f. 
decomno?]  tion  ^Fi  njre  jy, 

section  was  ni,-?o  :c-uced  .03''"'”  i  a-:  -!■■■■ 


V. .  liii  hoj.e.'s  ,~i  a.i  angle  to  both  the  vertical 
■■'.ro-  direction  a 5;  the  swirl  pattern  of  the 
i-;.  :*s  rf  ^r;£  3^^  sLainlesn  steel  in  the  head 
of  Operation  for  8  minutes  at 


720  psig  in  run  71  resulted  in  .-or.-:  I: uer  tuirning. 

The  !!ext  modification  '■.cn' .  sue-'!  of  ■■‘■•duo i r,;-  the  liner  -.vail  Tfnickness  to  an  average 
l/3  of  an  inch.  Runs  72  thru  '’f  ■';  •:  r -■’ ■. icn  at  bSO  Psig  vrere  successful.  Three  ho^ars 

operation  at  63'0  psig  In  run  ■  ■use--;  —ri-e:  burno^at. 

A  new  chamber  was  evalu  it'^  i  in  r-.ns  -^0  (Fig^ure  u).  The  lo'wer  diameter  of  the 
con'’'''a';  h'"r'3  section  ■was  increas-'  :  from  ..0  ■^r  IC-d/ii”  thus  tending  to  gi’;-'.  the  liner 
a  bell  shape.  The  cone  angle  -'I  o-  o  •■.•as  sligiitiv  wider  .  The  cooling  water 
passage  wiath  and  liner  thickr.e.''*  wore  fTii!-  1/8''.  It  ’wa,s  hoped  that  the  flam.e  would 
maintain  its  previous  dimensiom^  loao'.ng  'i  space  of  no  combustion  next  to  the  walls  at 


the  turn  of  the  belled  section^  After  r.:r.s  /6  and  80  at  300  and  60C  psig  evidence  of 
metal  flow  -was  found  in  the  head  sec*,  .c:  ,> 

The  EES  combusiior  chambo-  CC-  1.;'  ‘wa.s  then  installed.  (Figure  3)  Liner  material  was 
23-20  stainless  steel.  ?/6u''  thick.  Chamber  pressure  was  increased  during  runs  81-53. 

Run  fill’  was  made  at  600  psig  for  '  miicites.  Liner  inspection  after  the  run  disclosed  that 
the  liner  had  cc.llansed  inwajrd  i;  the  Icw-ar  part  of  the  straight  section.  No  burning 
at  the  be' 1  . ;  r.’-'ed.  The  Alto/  Lest  program  was  termirn^'^ed  with  run  8Ii. 

At  the  outset  of Bec-.o^  ccrcract  work  .a  heat  transfer  analysis  of  the  Alton  combustior 
chambe'r^^'  using  data  from  run  t’ Table  I  ivas  performed  and  Becco  submitted  a  modified  and 
completely  instrumented  ( theme '-'.oinles  and  nressure  tape)  liner  design  (Figures  6  &  7). 


(l)  "Prelimin.t  Anal/sis  c:  Re 
Technical  Report  NH-l ^  Be: 


tu  i.  railue  o.s  of  Alton  Cycle  Ccrfcustlon  Chamber  CC-12" 
Cbcmioai  Divi.sion.  Januam/  1933 
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A  prclinannn-'  tricisfcr 


“-1:0  Alton  chombor  v/as  presented  by  Becco  at  a 


conference  b.eld  on  19  July  l-'A'.  EES-  The  liner  dc-sinr.  drav/in^s  were  rent  to  EES 
in  Aujjust  The  principle  '■•■o veree  of  t.he  proposed  liner  design  v;ere  as  follo%7s: 

a„  A  flat  type  head  w'.'  rr-C‘':r'':er.ded  to  reduce  the  gas  velocity  in  the  zone  Trhere 
burning  occurred  ^.n  ■  rev’-'-.j  tests-  This  reduced  velocity  would  decrease  the 
heat  transfer  filr.  : -'f f ;  r  i ‘n'  -'r  the  'gas  side  of  th-o  liner  and  consequently 


reduce  the  teriocru 


liner. 


b.  The  cross-sectional  -rea  of  t'-ie  cooling  voaier  annulus  in  the  head  section 
v.'as  increased  frer.  1.  no This  c’riSr.gc  vras  designed  to  allow  gag 
tribbles  formed  by  h'  lin*  to  •'•'■'■npe  v.'t'ho,ut  being  trapped  and  causing  a  hot 
spot.  The  elim.ir.a t.i ;■  s  of  gos  bubbloq  was  deemed  more  impori.ant  than  the 
higher  water  velcclt  ■  nr.'..'- with  the  i/R”  dimension. 


..'9  liiT-  cooairit] 


heat  transfer  area  r^-i  higher  w-nter  velocity  beyond  th.e  area  where  most  severe 
buniing  occurred  vrit'  the  iUnon  cycle  liners.  Continuing  the  helical  cooling 
fins  to  the  throat  ri-.d  nrevicusly  beer,  found  to  be  unsatisfactory. 

An  erctensive  therm.ccourl  :  nctallatior.  on  the  outer  surface  of  the  inner  liner  was 
proposed  in  order  that  the  affects  of  the  fuel  nozzle  and  liner  design  variables  could  be 
obtained  quantitatively  and  v.-itr:  a  minimum  of  testing.  It  was  hoped  that  the  tests  with 
the  inst’'* od  "!  ineu  would  S'^iwe  as  a  guide  in  determi"'"''  -which  design  changes  would 
be  best  in  carrying  on  a  succesufui  test,  program.  The  recommended  liner  design  and 
thermocouple  installation  were  inc-orpo''a.t-.d  in  the  combustion  chamber  development 
prograr. 

A'^'ditional  recommendati. our.  for  the  program  v/ere  included  in  report  NH-l.  The  use 
of  n'ckle  "A"  or  Rosslyn  metal  -.n-atnad  cf  stainless  steel  for  liner  fabrication  would 
decrea.'^e  the  liner  temoerature  n  the  pas  side  threurh  th.e  increased  thermal  conductivity 
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of;  the  nickle  "A"  and  Rosslyh  'mf'tal.  Eliniination  of  scale  on  the  water  side  of  the 
liner' was  considered  to  be  one  of  the  most  Important  factors  in  successful  operation  of 
the  chamber.  The  continued  uss'o  of  a  closed  water  sys'bem  was  auccested  in  order  to 
reduce  the  scale  buildvip.  The  angle  of  fuel  injection  could  be  investigated,  to  reduce 

the  direct  impiginent  of  burning  fuel  on  the  liner  walla.  The  effect  of  inlet  oxidant  gas  -- 

i 

awirl  might  also  be  evaluated. 

The  recommendations  given  in  report  NR~1  were  based,  in  part,  on  the  advice 
solicited  from  individuals  outside,  of  Becco  who  vfere  experienced  In  the  field  of  high 
energy  release  cohbustion  syditer  s  and  licai,  transfer,  ri 

These  individuals  were  contacted  during  the  period  July  19Sh  -  January  1955# 
Additional  information  was  gaint-d  by  Mr.  Ralph  Bloom,  Jr,,  of  Becco,  on  a  trip  to 
the  United  Kingdom  in  January  of  195^^^}  Thus  the  background  for  consulting  services  , 

that  Becco  had  gained  through  previous  test  work  at  Becco  was  augmented  by  several 
sources. 


III.  TEST  SYSTEM  AT  EES 


The  test  system  employed  at  EES  for  the  combustion  chamber  testa  is  presented 

■.  I  ’  ■ 

schematically  in  Figure  8.  The  system  was  installed  in  a  test  bunker  at  one  end  of  the 
building.  A  reinforced  concrete  wall  separated  the  system  from  the  operating  station. 
The  instrumentation  that  was  incorporated  is  given  in  Table  II. 

The  complete  HsOe  flow  system  was  as  follows: 

a.  HaOa  was  pumped  from  30,000  gallon  storage  tanks  to  a  small  ’’day  tank*'  which 
had  sufficieni  capacity  for  approximately  one  hour  of  .  chamber  opei'ation.  The  large 


storage  tanks  and  day  tank  were  located  in  a  separate  building  and  are  not  shown  on  the  | 


•  ;  '  ....  .  .  ;l 

schematic  diagram  of  the  system,-  . 


(2)  British  Submarine  Plant  Coniiustion  Chamber  and  Other  Hydrogen  Peroxide  Developments 
Report  of  Visit  to  Great  Britain,  ,31  January  -  l6  February,  1955',  ,  . 
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b.  From  the  day  tank  tlm  flowed  dotm  through  a  degassing  pot  to  the  HnOa'  ^ 

booster  pump.  Thn  degassing  pot.  romovod  any  gas  ontrained  in  the  HnOn.  -  “v 

c.  After  passing  through  a  proportioning  device  the  reached  '^he  sjiction  side 

of  the  triple  feed  pump.  The  triple  feed  pump  consisted  of  three,  positive  displacement  ;i 

-  '  -  ■  1  ■  '  ,  •■  '/  -  '•  ...i 

pumps,  one  for  each  of  the  system  fluids  driven  by  a  single  motor,  through  speed  .inc're.asers^ 
The  pump  raised  the  liquid  pressure  from  the  30~U0  psig  discharge  pressure  of  the  booster 
pumps  to  about  200  psig  above  combustion  chamber  pressure,  'fhe  flow  of  HsQa  through  the 
proportioning  device  controlled  the  flow  rates  of  the  pooling  water  and  fuel  in  preset 
ratios, 

d.  From  the  triple  feed  pump  discharge  the  Hp.Oa  passed  through  a  two  way  ,air- 
operated  pressure  valve.  Actuation  of  the  valve  by-passed  the  KsOa  flow  back  to  the  , 
degassing  pot, 

a.  Normally  the  HaOg  passed  through  the'  two-way  valve  to  a  throttle  valve  which 
was  operated  from,  the  main  control  panel  located  outside  the  bunket,  " 

f.  Next  the  HaOg  reached  a  cam  stop  valve.  The  cam  valve  was  also  manipulated 

from  the  main  .control  panel.  The  hand  wheel  had  h  positions:  off;  No.  1,  HaOa  only;  .  ‘ 
No,  2,  Hf'.Os  and  cooling  water;  No,  3,  HaOg,  water  and  fuel.  ^ 

g.  After  passing  through  the  cam  stop  valve  the  HaOs'entered  the  catalyst  chamber,^ 

The  water  system  was  a  closed  loop  with  the  followin'g  flow  sequence*  ..  .1 

1 

a.  The  water  booster  pump  took  auction  from  a  feed  tank  located  inside  the 

bunker,  A  strainer  was  installed  in  the  line  to  help  prevent  scale.  build^S 
on  the  combustion  chamber  liner,  | 

b.  The  water  booster  pump  discharged  through  a  filter  to  the  triple  feed  pump  | 
suction, 
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c.  From  the  triple  fwed  pump  the  water  entered  the  p*'oportioning  device  where 
the  water  flow  rata  was  controlled  in  a  ratio  of  approximately  2  to  1  gpm 
of  Hs.Q$  flow.,, 

d.  Water  flow  from  the  proportioning  device  entered  the  cooling  water  passages 

of  the  Combustion  chamber  and  catalyst  chamber  in  that  order*  ...u 

e*  Part  of  the  water  discharge  from  the  catalyst  chamber  could  be  circulated  1 

'  3 

through  a  cooler  and  pumped  back  to  the  combustion  chamber  inlet  to  Inoreas*  | 
the  flow  of  coolant  through  the  cooling  passages, 
f.  The  heated  cooling  water  then  passed  through  the  cam  operated  valve, and  J 
entered  the  water  spray  arrangement  located  inside  and  at  the  bottom  of  the  3 
combustion  chamber.  'is 

The  fuel  system  followed  a  similar  path  from  storage  tank,  booster  pump,  filter,  d 
triple  feed  pump,  proportioning  device,  cam  valve,  and  solenoid  valve  to  the  fuel  nozzle  ‘4 

?'  ■)  4 

located  at  the  top  of  the  combustion  chamber  in  the  flow  of  decomposition  gases.  ■ 

><  '  ^ 

The  combustion  chamber  e^diaust  passed  through  the  following  units  in  ordert  '  4 

I  -Ti 

a.  Steam  separator  -  removed  entrained  liquid  or  solid  particles  that  would  harm 

the  turbine  of  a  complete  propulsion  system,  -3 

■'r| 

b.  Orifice  -  simulated  the  pressure  drop  through  the  turbine.  ^ 

■c.  Desuperheater  -  supplied  the  reduction  in  temperature  of  the  turbine  exhaust,  | 

d.  Condenser  -  as  in  the  Alton  cycle,  ^ 

e.  Condensate  pump  ■  | 

f.  Water  feed  tank,  M 

IS 

During  operation  of  the  combustion  system  the  excess  water  produced  was  :'l 

dumped"  down  a  drain,  "3 

The  test  system  incorpoi'ated  a  trip  out  circuit  (Figure  9)  both  for  safety  of  | 

operation  and  ease  of  shutdovm.  The  entire  system  could  be  secured  by  a  manual  switch 
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on  the  main  control  panel  or  would  trip  out  automatically  in  the  event  of: 

a.  loss  of  control  air  pressure 

b.  loss  of  triple  feed  pvjmp  lube  oil  pressure 

c.  excess  temperature  of  exhaust  either  in  stsam  separator  or  exhaust  line  loop, 

When  the  trip  out  circuit  was  opened  either  with  the  hand  switch  or  because  of 

emergency  conditions,  a,  b,  or  c  shove,  the  triple  feed  pump  and  booster  pumps  were  shut 
off,  a  solenoid  valve  in  the  fuel  line  to  the  combustion  chamber  stopped  fuel  flow. and  th« 
air  operated  HaOa  by^-pasa  valve  stopped  the  flow  of  HsOa  to  the  catalyst  chamber. 

In  addition,  red  warning  limits  installed  on  the  main  control  board  flashed  on  in  . ; 
the  event  oft 

a,  loss  of  lube  oil  pressure  to  triple  feed  pump 

b,  loss  of  control  air  pressure 

c,  loss  of  condenser  vacuum 

d,  high  temperature,  triple  feed  pump  lube  oil 

e,  excess  pressure  in  steam  separator 

f,  loss  of  seawater  pressure  to  condenser 

g,  high  temperature,  water  to  catalyst  chamber  cooling  passages 

h,  high  temperature,  HnOa  after  throttle  valve 
W..  PRELIMINARY  TESTING 

The  installation  of  the  test  system  at  EES  was  completed  in  early  January  195S» 

The  catalyst  bed  used  during  the  later  Alton  runs  was  reactivated  with  samarium  nitrate. 
The  bed  consisted  of  U  -  10  inch  diameter  silver  spirals  each  2-1/2  inches  thick.  The 
first  few  preliminary  runs  at  EES  were  operated  with  decomposition  only;  no  fuel  was 
injected.  The  catalyst  bed  functioned  as  desired.  On  2U  January  1955  the  first 
combustion  run  was  made  at  300  psig  combustion  pressure  employing  a  fuel  nozzle  that 
had  been  used  in  the  Alton  runs  (Fig.  3)  and  with  a  chamber  configuration  as  indicated 
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by  Figure  10.  The  run  was  designated  1-12B';  Inspection  of  the  combustion  chamber  liner 
after  the  run  revealed  that  no  damage  had  occurred  due  to  overheating  of  the  metal.  The 
Teflon  tips  of  the  wall  temperAtare  tViermocouples  were  found  to  be  crushed  by  the 
expansion  of  the  liner  during  combustion.  It  was  decided  by  EliS  and  Becoo  to  replace 
■the  Teflon  tipped  thermocouple  arrangement  before  the  next  run  with  wires  peaned  into 
shallow  holes  drilled  in  the  outside  of  the. liner.  Thermocouple  location  and  number 
designation  is  given  in  Figure  II,  .  \  , 

The  second  run;,  2-12B,  was  conducted  on  3  February  1955.  Chamber  pressure  was 
raised  to  U50  psig.  The  thermocouple  installation  was  found  to  be  satisfactory  although 
the  wall  temperatures  were  lower  than  recorded  in  run  No.  1  and  the  difference  jbetween 
readings  for  thermocouples  in  the  same  plane  was  as  much  as  UOO^F.  The  insulating  affect 
of  the  Teflon  tips  accounted  for  the  lower  wall  temperatures  in  run  No.  2  but  no  .. 
explanation  could  be  advanced  for  the  large  difference  between  readings  of  thermocouples 
installed  in  the  same  plane.  Each  wall  temperature  reading  remained  essentially  constant 
after  a  rapid  rise  when  combustion  was  initiated.  : 

Chamber  pressure  was  increased  for  each  of  runs  3,  and  ‘5-12B  to  650  psig  in  rur 
5-12B.  Data  summary  for  run  No,  5“12B  is  given  in  Table  III.  The  liner  was  removed 
after  run  No.  5  f-or  inspection.  Metal  flow  was  present  in  two  areas  about  120*  apart 
and  approximately  2  inches  below  the  beginning  of  the  straight  section.  A  red  oxide 
deposit  was  present  in  the  dome,  extendln"  about  an  inch  below  the  beginning  of  the 
straight  section.  This  was  followed  by  a  black  carbon  deposit  around  the  circumference 
of  the  liner,  about  1-1/2  inches  wide.  After  inspection,  the  liner  was  cleaned  of  all 
deposits. 

The  test  procedure  developed  consisted  of  the  following  ma^Jor  steps; 

a,  booster  pumps  on 

b.  triple  feed  pump  on,  low  speed 

■  £  2  M  £  I  E  5  H  II  A  1; 
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0,  HaOa  throttle  valve  opened  part  way 

d.  HcOa  cam  valve  opened  -  decomposition  started 

e.  combustion  chamber  pressure  from  decomposition'  increased  to  approximately 
1^0  psig 

f.  '  water  cam  valve  opened  briefly  to  check  correct  operation  of  water  system.  , 

'  Water  cam  valve  closed. (Diluent  water  flow  indicated  by  rapid  drop  of  exhaust 
tempei’atUre.  This  check  was  made  as  a  precaution  against  combustion  without 
cooling  water  -which  would  result  in  immediate  severe  damage  to  the  combustion 
chamber.  The  recirculation  of  water  through'  a  heat  exchanger  was  maintained 
during,  startup')  ,. 

g.  water  and  fuel  cam  valve  opened  almost  siimiltaneously.  Combustion  initiated. 

h.  visual  observation  of  the  test  system  was  made  through  peep  holes  in  re¬ 
inforced  wall  between  operating'. station  and  combustion  chamber.  Instrument 
operation, checked. 

i.  booster  puinps  and  triple  feed  pump  speeds  increased  until  desired  chamber 
pressure  attained.  Average  length  of  starting  sequence  approximately  2  min. 
The  water  cooler  could  be  by-passed  if  and  when  desired. 

J,  readings  taken  off  non-recording  instruments  on  signal.  Data  points  marked 
on  recording  instruments.  Orsst  analysis  samples  taken, 

k,  triple  feed  pump  speed  decreased  until  chamber  pressure  reached  approximately 
150  psig. 

l,  hand  trip  switch  opened  -  fuel  flow  stopped,  triple  feed  p\mp  off,  booster 
pumps  off,  system  secured.  Recording  instruments  off.  (stopping  sequence 
duration  ss  80  seconds), 

-  13  - 


a»  HcOa  lines  from  day  tan't  to  combustion  chamber  drained  if  no  further  runs 
were  to  be  made  tho  some  doy. 

During  th€|  period  that  the  first  five  nina  wepe  made,.  Becco  contracted 

Professor  Warren  iRohsenow  of  MIT  as  a  consultant  on  the  test  program.  Professor 

Rohsenow  had  been  associated  with  the  program  under  consulting  contract  with  EES. 

Arda  Associates,  an  engineering  consulting  firm,  in  Newarjc,  New  Jersey  was  also 

contracted  at  this  time  by  Becco  to  make  a  preliminary  analysis  of  the  fuel  spray 

■  '  (3) 

pattern  for  the  fuel  tip,  and  chamber  configuration  utilized  in  runs  1-5-12B, 

After  run  No.  $  Becco  obtained  thermocouple  wires  that  were  insulated  and 
bound  together  so  that  a  single  bole  thermocouple  packing  gland  could  be  used,  reducing 
the  time  required  to  install  the.  thermocouples.  A  double  hole  packing  gland  had  been 
In  use.  After  the  thermocoiiple  wires  were'  peaned  into  the  liner  wall,  installation  of 
the  liner  in  the  combustion  chamber  jacket  was  complicated  by  the  need  to  pull  the 
thermocouple  wires  out  through  holes  in  the  Jacket  and  then  thread  the  wires  through 
the  two  hole  packing  glands. 

After  run  No.  5-12B  the  Becco  representative  at  EES  suggested  a  light  and  mirror 
arrangement  that  would  permit  inspection  of  'the  liner  in  place  after  the  catalyst 
chamber  was  removed.  The  method  was  employed  in  subsequent  tests.  The  liner  was 
removed  from  the  combustion  chamber  Jacket  only  for  repairs. 


(3)  Arde  memorandum  "Alton  Combustion  Chamber"  Mai’ch  11,  1955 
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^  .  MSULTS  of  test  Rims  ANT^  COKFi^RF.TCliS  IISLI)  AT  EK5  DURING  THli:  TliST  PROGRAM 

A,  Conforences  and  I^e-in l i.s  of  Tost  Runs  ^6-71~12B 

A  conference  was  held  et  EKS  on  11  March  19$^  to  discuss  the  results  of  Runs 

»  , 

and  to  determine  the  procedure  to  follow  in  future,  test  work.  It  was  generally 
accepted  that  the  burning  of  the  liner  was  due  to  liquid  fuel  hitting  the  walls  and 
burning  there,  Wie  EES  representatives  pointed  out  that  changing  the  position  of  the 
fuel  nozzle  would  not  be  a  desirable  method  of  preventing  liquid  fuel  from  reaching  the 
walls.  Testa  with  the  Alton  system  had  shown  that  the  nozzle ■ position  was  critical| 
either  raising  or  lowering  even  slightly,  adversely  affected  combustion  efficiency.  For 
the  text  teot  mas  it  was. decided  to  first  double  the  number  of  holes  in  the  fuel  nozzle 
to  reduce  the  fuel  droplet  velocity.  If  the  increased  number  of  fuel  holes  would  not 
prevent  burning,  the  HaOa  gas  swirl  vanes  on  the  fuel  inlet  pipe  were  to  be  removed.  As 
a  last  step  the  gas  swirl  in  the  discharge  from  the  catalyst  chamber  was  to  be  eliminated. 
It  was  also  agreed  that  Arde  Associates  would  be  contracted  by  Becco  to  make  a  complete 
analytical  analysis  of  the  fuel  injection  and  design  a  new  fuel  nozzle  to  eliminate  liquid 
fuel  from  reaching  the  wall. 

The  test  program  was  resumed  with  runs  6  and  ?  employing  a  fuel  tip  with  the 
number  of  holes  in  the  peripheiy  of  the  nozzle  increased  from  12  to  2U  and  the  diameter 
of  the  holes  increased  from  ,062$  to  ,06?  in.  The  chamber  pressure  for  runs  6  and  7  was 
650  paig  and  time  on  fuel  was  26  and  31  minutes  re8pectivel.y.  Inspection  of  the  liner 
after  run  No.  6  revealed  a  red  oxide  deposit  as  noted  for  runs  1-5*  extending  from  the 
silver  deposit  on  the  inlet  neck  to  about  1-1/2  inches  down  the  straight  section.  There 
was  no  evidence  of  metal  burning,  flow*  or  slag  deposits.  After  run  No,  7  the  liner  was 
slightly  pitted  about  1/2  inch  below  the  neck.  A  very  slight  evidence  of  metal  flow 
was  obsein^ed  approximately  2  inches  down  the  strai^t.  section  about  2  inches  wide.  Runs 
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Runs  6  «nd  7~12B  showed  merked  improvement  over  runs  1  throuf^h  liner 

tenperatuMS  with  approximately  the  same  combustion  eff  iclertcy)  but  .the  evidonoe  of 
metal  flow  in  run  7  indicated  the  need  for  further  changeSi 

I 

Following  run  7-12B  the  fuel  nozzle  was  modified  by  adding  12  -  l/l6"  dia, 
holes  in  the  bottom  of  the  nozzln  parallel  to  the  chamber  axis  (Figure  12)  to  further 
reduce  fuel  injection  velocity.  Run, No.  8  at  6l0  -  67O  pslg  chamber  pressure  for  2h  mln« 
with’the  12  additional  holes  in  the  bottom  of  the  nozzle  resulted  in  more  serious  scale 

IS  .  •  .  • 

formation  and  pitting  at  the  .toj)  of  thc..linor  dome.  Kfotal  flow  in  small  rivulets  was 
present  around  the  entire  elrcumferenoe  ^jf  the  liner  about  1-1/2  inches  down  the 
strai^V  section*  Run  No,  10-12B  was  cotiducted  with  tho  number  of  holes  in  the  bottom 
of  the  fuel  tip  decreased  to  h  as  rocommehded  in  Beceo's  letter  of  U  April  1955  to  the 
Director  of  EES, •  No  data  was  taken  during  run  No.  ,9  because  diluent  v/ater  pressure  was 
lost  soon  after  the  start  of  the  run,  A  repeat  run.  No.  10,  caused  increase  in  the  metal 

'I 

flow  and  pitting  observed  after  rjp  8-I2B.  The  liner  was  cleaned  of  all  deposits  after 
run  10, 


Runs  11  and  12-12B  were  run  with  all  holes  in  the  bottom  of  the  nozzle  plugged 
except  the  central  drain  hole  and  the  diameter  of  the  2h  peripheral  holes  increased  from 
,067  to  .070  inches.  Run  No,  11  was  conducted  at  6IO  psig  chamber  pressure.  The 

I, 

chamber  pressure  was  increased  to  650  psig  during  inin  No,  12;  time  on  fuel  for  each 
run  was  about  lU  minutes.  The  Liner  was  inspected  after  lar.  12-12B  and  slight  pitting 
was  found  just  below  the  inlet  neck.  Run  13  was  made  at  BeCco's  suggestion  with 
decomposition  gases  alone  and  indicated  that  the  liner  wall  temperatures  were  hlg^heat 
at  the  beginning  of  the  straight  section  of  the  liner  as  noted  for  the  previous 
combustion  runs.  The  run  indicated  that  the  liner  burning  problams  were  related  to  the 
HaOa  decomposition  gas  flow  patterns  In  the  chamber  caused  by  the  swirl  vanes  on  the  fuel 


^  nozzle* 
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at  6'^0  pslp  vrero  near  tlvnae  cb'rv-/r':-.  foi-  riir-r  o  a.-ui  7  ccini:iustlon  prnnsuro  was  raised 
to  7b>'/  psig  (maximum  design  operation  p.resKura)  dta’ing  runs  16  and  17~12B,  The  iiivalde  of 
the  combustion  liner  was  inspected  after  each  r:.n  and  no  burning  ’.vas  noted ^  Wall  temp™- 
;-.rd  turs  rcafiin':a  were  clc>s'''r  t.';.  r.'i.'''?-"  ■'  ■■  .u  c.  .'icd  7-lfFi  than  any  ',.f  '  r. to  rci'-r. Lng  runs 

hut  still  higiiBT’o 

Run  iB-l'iB  was  condnotoi  w'M-  no  Jecomposition  gas  swirl  vnnos  dn  the  fuel 
inlet  and  a  f'.jel  nor.zie  design  (.orfo'-ji.-n;' with  that  of  tx.ii5  6  and  7-123  (3i+  -  oC.'67- hales 
on  porlpher/  plus  i/l6”  diam.  iicle)»  Igr.itiari  of.  tl.o  fuel  was  attainod  but  the  combustion 
ufficie.i':;/  was  poor';,  wit!;  Orsat' CO.:  at  versus  approx: ms  to'l.y  '"’c/!  for  all 

previous  ninsi.  Thus  t'iio  need  Cor  a  ooril i ;p-ii'uticu  sucii  as  the  S’.virl  va.nes  to  provide 
turnulofit  mixing  of  decompositlcr  p/'ses  r.rul  fvcCi.  sern;-,'  waj  clearly  indicated,  ■ 

Run  No,  19-17E  demon sti'ntod  thr:  resuits  of  runs  ilj  aiiJ  I'r-'lcP  witli 

nocxle  j.l-BF  (Fitjure  13)  eoi.'ld  bo  roprodv.c(:dj;  no  rhnnges  I'.ad  occurrod  as  result  oi  rsm 

l8'«'j.2Bo  No  data  was  taken  during  runs  20  and  21  tiocause  of  malfunction  of  the  ..propor¬ 
tioning  device.  Run  No,  22-128  with  noisle  i2-BF  was  inacre  to  check  out  the  reps.ired 

oroportioning  device  end  to  see  T  I  jr^'r  i  er-i ; r;;'  wo.-ild  o-'cnr  duriv'.p  a  inerB  oxtonded  run. 

Time  on  fuel  for  tliis  run  22  s.ud  l.’i  miiviT.H-s,  'fi.n  longest  proviour.  ru.n  wltdi  noa-ile  12--BF 
■Auus  26  min.  liO  sec,  in  luri  16 -11 13.  But  C.ecnuso  t’ae  liner  v/cll  rna.,' i  we:,'e  above  those 
in  ).n<ns  6  and  7  In  -which  liner  r.-.-rr-ing  oocurro.i,,  t!ie  need  for  furtlivr  I  cations  was 


f.C  9 


■Run  21-123  i r.cor r-or-Tcnd  n  cjarxial  '.'aiL.I.e  arr-'m!-:(iiiiorit  vn.t  'U'..  v;-  I'lOj  inlet 


-'-.c-.p?;  teat  had  ouen  or  opG.'.-.-d  .  •  v  iiecco  (Fuju'----  1-;),  ft  was  to;  •' i  1.  S:r.‘  coaxial 
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^  ■-*  iMi.,;-T:-.,nt  •  ro-;!.i.:  Av,  i.:--]  t;-..-  low-  ;!'  '--UL^-'n  K.^'-v'^w-rit;  Av..  itu;  :;sn.!r 

0.1  o:',!,-'.  1.0'  ■••-■■  -i-o.  v.--?  ■  ■■' ..\  ■!  -Th?; 

■  ^  .\w  ,-it.  Aj  r  iVi.?  'v.1'1  .  ’w  ■  A^r;  '>;■  w  .-A. I,  S'iCf;.  TV.;-  Cf.'  ■  ■  r  w '  ■  n  ^  r-,:"'  tVin 

,l;jn  -con'i6nffj.Mo3  cT  tl'i";  exh-vjst  -.-■i*  ^■■.!....'i  o;:  ;oli  filoiv/fs-.-i  an  ■jri'''r.'V/'.;*-!tr:;:i.  over'  the  ]'-'lar.9 

n;^oi,le  with  gaa  SYflrJ.  removed  (run  ?!-;>•'  linor  was  Gx:amintt.'i  snd  found  to  be  in 

aati sr'cictory  condltlono 

'  A  second  conft>rcn"pj  vu,s  held  '<+•  Iwii  ;-w2/A  Mav  IQ^f'  +-o  dlsc.r..';r  the  t^st  results 

•jtf.ai.nu'.'i  since  the  conf  tr  r  u  C  vi  0  ^■.  i  i  .'v^H  (  rrh  19'>\  .  .  Arde  Associates  rc-fort-id  the  preilminary 
.-■'esuits  of  the  dn^lvti.cnl  ; nvor*  j  fa t ; on  of  rl'o  f';ol  iiii'rotion  for  reviow  and  comment. 

The.  r  ■  '  -  th.-  t,  iwi  r.”  tin  nu-'et.ing  indlcA'-d  'that,  the  fuei  drerdf.-o  aiao  and 

oonri'':qitenfci,y  droplet  ['■(.!r.ftti''at  !,nr  to  thh  linoT  wrfil  a  is  mostly  dependent  on  chamber,. 

■  o.  The  fomula  u.eod  for  droplet  saco  calculations  vras  quest loned  but  it'v/as 

.tpt'ud  tl'at  no  better  fcmmila  w.-e.-.  avhilabjH,  The  affect  of  the  f\iei  Inlet  r-A'tirl  In 
:)i-;: .''e-j -Sjuu;  the  heat  trhusrcr  co<  fficiont  in  ’vi'.e- head  section  hr  reduein,';  fhc  ('a, 5  .f.'ilr!) 
'■hlohrc.!i!6  y-as  a'iso  di  sc  us. sod.  A  thr‘-ie.roivi  1 . •'.crease  was  accepted  as  ]vo5.‘.i''.ble»  It  wa« 

th-at  investigation  of  factors  that  ■' .‘'fe.-.-uu.i  liner  life  and  '.’■cmb;: f'tior)  efficiency 
l-e  .•.on-'.-lyujed  eren  if  such  an  ivi’u'stigotior.  would .  elimi.nato  the  posotbi'i. ity  of  a  IC-hour 
run  witVi  tho  H.:Oc  that  wa.s  on  hand.  (The  proprom  Tvan  started  vfith  0  'Limited  amount  of 
HaOs  and  no  funds  wore  prov.ided  to’purchas-e  moio)  It  v/as  further  aprf>ed  that  additional 
.■itudy  of  f  uel  inlet  velocity  (clwnpir.;.'  ''  tip  hole  c.  .v)  ues  not  u:  act.!'. C-  hecf’•,,^^5e 
f^ipther  i.mr.rovernents  a]■>l^-^r^■)ntly  w.onld  be  Voo  .rmnll  to  be  detected  w.j.t'iln  the  experimental 
vtr ia tlt,n5»  Increasing  the  fuel  tip  hole.s  f  rom  „06.'  to  ,0'70  inches  in  d.iaiiietG,r  liad 
ruTcilted  In  only  slight '  cVi&nges  in'  the  liner  thor'mi'cont-lc  re.'jdinps.  In  .'y,  .future 

•  to  he  rt.lrnotu'i  tovya!"''  at.  t' Iv'in-urit  of  n-.if  f  <  ent  mixing  In  pr.’/'Criu  -7  CO;;: 

r-';ntunt  in  fhe  r.oc--e'"!r.-:ieusi'iiLnr  o1  tlje  e.yUiOu.st  cf  nt.  l-uat-.-  Uv  vi  ■  'a'u  ;  ;.n 

~  •  s 

e;  ;  mi  :■  ;W3I.  ’  v^treinu  vi  ..n  tKA  pt-w-'  ’’l  i.he  r  wnha'r,  j.-u  vyall.  One  a  pne, to  the 

^  .c  0  h- li-  1  I'i  i:  T  1  VL  ' 
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1^-  iu''.i.';'Mi  vva«  to  Uti/tue  adtiitlct;  oi  ijuluc::--.-  dr-vi'-cs  to  tl-o  :;:’oco  coa/jj'l,.  ' 

■'dl'Ie  (Flirvire  I^),  ^  ■';  '  '  '  '  . .  .  ...  ■  , 

Run  <-h-'12B  irii'ida  on  JarvO  ‘-’v  -v/;',s  i-v.'.i‘.!  .wit.’i  a  Vofflr.  ol’  *'-uO  same 

di li.ens j.ons  as  noszlo  I'dBl’A  ova ] li'i Lod  .ir:  ,\'\\x\  -biit  'nclvidnd  the  vanes  op 

Mio  riiel  -Inlet  pipe.  Average  ohainb^jr  tfrer::- 'r-  pn.li-j  -t  -ve  on  fuel  ->v5s  22  min « 

bS  -'tec,  ■  The  I'osnlts  were  disccoragingi  CDs;  infjannrod  h.y  O'rsnt  an.'Oysis  v/as  almost  the 
^nrn;  as  23*  The  readings  .-'-.■oraged  oJuVa*  The  ibwer  edge  of  the  hfiffle  v-ss  molted 
Oil  tl'.o  inlet  nock  of  the  ’  irt(n‘;  v,t;s  nsov'd I.-,  ki.-r-ed  Jusi  fd->ovo  th,,-  \.pld  betv.'ei','A 

the  reck  and  the  dome.  Tl'e/l.j ner  'var-- '■;!  ■  -  ;r,:l  r•^  it-'  lower  ci.d  whero  it  is  hacked 
v.'i'ti-  -pac 


After  the  linot  was  .rdpa-ifad  .iv.n' e  .made  vrlth  s  smsil  cca;:-,'al  baffle  . 
with  a  turbulence  ring  added- to  the  Icrflcr  end  0,2  the  bfiffle.  Tne  ■■s’-Yirl- vanes  on' the 
;  .‘ji  lri"t  Y/rire  re-movod.  (Fign-.ca  ,  Coni!i  etj on  -.vas  not/ satisisotoryi,.  ''/•'•OC'/S  -lOao  Ko 

'.nnf'r  <-'0  baffle- damage  occurred,  '  « 

-  -  .  . 

For  run  '26^*128  a  l/r)''<  wjrh  c.i-nr>r.t  -van  sd-ted 'to  the  ti-;’bul.;er.C(.  rjug' (Fign'i'O  l6),;- 
-Tt[;  C-0O.S5  burned  off  and  CQmb'Ust-inn  v/aa  .noct. -sfac tory,  CO/j  19%, 

Run  27'-12B  evaluated  a  Becco  in'oposod  ,.t\i-rbulbrice  donut  baffle' welded  to  the 
f.iei  noizle  wl-iich  was  pdsit.loncd  to  i-edoce  th',-  fuel  si-'ray  angle,,  a  cliange  evaluated 
pr:-.viou3ly  In  runs  111  through  17-1213  and  Iv  Uuough  2y-12B  (Figure  1?),  Tlie  run  wes 
r.u.Je  dt  60C  psig  chamber  presi^ure  for  a  r, -lor'.  oT  10  min,  1'?  sec.  COa  was  B9.6?!-i  wall 
tunperaturo  readings  were  low  l,'3i)-30h’‘'i';  no  linor  o;-  fuel  ti;'  .IniMn;-'.?  c ! rrroJ .  The  nm 
i'o  103  was  considered  more  encoiji’ogir.f,;  tban  anw  pre-»- : oi; s  Ivst,  Tr:  fa[ri(-;  vra.Y  designed 

■to  cruat'-:  fuel  and  oxidant  miA.iri|.-  o-j  rl  L-octi-.u'  i-ku  I'.nomi'oo-jticn  '■-t.v- tc  Llivi 

cvTitcr  of  tr.Y.  ch3mV)«ir, 

nun  i'-'-lfB  '.VOS  'vaue  •.o  a  u.i-.ii  -  ■  -.-k  -  -  ;r'f  t  I'nij  •  <-'■■  .  Tr. ..  -.-.-as  '■'i-Hib 

c  0  i-"  :  0  .  ■'  '  t.  1. 
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with  the  f  uel  no7,zle  conf  i^juration  f.se.il  mi  nsns  11  and  I2-12Bo  Tl'ie  resjulting  wall 
temperatures  and  COg  were  similar  t,c  tive  date  of  rvuis  11  and  12"  A  hole  was  burned  in 
tha  dome  of  the  liner, 

A  third  conference-wan  held  at  BES  on  7  dul.v  1955»  R'-mst  2U-i2B' through 
28-12B  were  reviewed.  The  burning  of  the  lower  end  of  the  liiier  where  it  is  backed 
with  packing  in  run  2li“12B  was  attributed  to  contact  with  burning  dro7)lets  of  molten 
metal  from  the  baffle  and  the  liner  neck.  It  was  felt  that  the  hole  burned  in  the 
liner  dome  in  run  28  resulted  from  the  deci-eased  cooling  water  passage  width  at  the 
dome  which  was  caused  by  the  repair  of  liner  damage  from  run  2[i-12B,  The  conference 
discussed  tV'a  r-oed  for  a  new  linex',  because  the  EES  engineers  felt  the  liner  in  \ise 
was  near  the  end  of  its  life,  Becco  had  been  In  contact  with  the  Youngstown  Welding 
and  Engineering  Corporation  of  Yonngst-owi,  Oiio,  concerning  the  fabrication  of  a  liner 
from  Rosslyn  metal.  The  contact  resulted  from  Bejcco’s  search  for  a  material  suitable 
for  liner-  fabrication  gnd  -which  had  a  greater  heat  transfer  coefficient  than  stainless 
steel.  The  price  of  the  Rosslyn  metal  liner,  wais  approximately  tTflce  the  cost  of 
fabrication  of  a  25-20  stainless  sheei  liner  fi^om  stock  that  was  on  hand  at  EES.  It 
was  resolved  to  make  a  new  liner  out  of  the  21-20  stainless  steel  for  economy  reasons. 

The  ONR  representatives  j-iolnted  out  that  the  entire  Alton  propulsion  unit 
would  be  held  in  reserve  until  such  time  as  it  might  be  needed  in  the  case  of  serious 

national  emergency.  The  need  for  ot  2^  --*•  e  5  hour,  full  load,  continuou.s  test  run 

was  al-so  stressed. 

Arde  Associates  presented  a  counter  swirl  fuel  noszle  jacket  design  that  was 
accepted  for  fabrication  and  test.  It  wus  decided  tiiat  the  next  i-uns  were  to  be  made 

with  turbulence  rings  added  to  the  bnlj  !  afflc  tiiat  nad  given  goci  results  in  run 

No.  27-i2B  a7ter  the  results  of  i  >-v  ;  v;i  re  r!l.(.'v.T-.  co  i-e  reprodur  due.  Those  turbu-enoe 
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rings  -were  to  incraase  mixing  and  thus  ImWovo  homhiinlion  efficiency.  It  was  hoped 
an  optimum  design  would  be  indicated.  ;  - 

,  i  ;  .■  / 

Run  29-12B  on  22  July  19^*,'  demonstrated  the  reproducibility  of  run  27-12B, 

In  general^  runs  30  through  Ii^~12B,  evaluated  the  addition  of  turbulence  rings  of 
increasing  thickness  to  the  ball  baffle  (Figure  18).  Tlie  affects  of  closing  the  l/l6'’ 
drain  hole  in  the  center  line  of  tite.  p.07//le  and  the  addition  of  two  holes  in  the  bottom 
of  the  tip  plus  the  drain  hole  were  also  determined.  One  other  slight  modification 
evaluated  during  runs  lt3  through  (Figure  16).  During  the  series  of  tests  29 

through  h9-12B,  which  were  completed  on  October  12,  1955»  difficulties  were  encountered 

•  V  ■  ' 

both  with  the  catalyst  bed  and  the  proportioning  device.  No  light  off  was  attempted 
during  runs  36,  38,  39»  and  hl-12B  because  of  excessive  pressure  drop  across  the 
catalyst  bed.  The  bed  was  changed  for  run  37  and  activated  for  runb  39j  UO,  and  Ii2-12B. 
Some  of  the  successful  runs  had  to  be  re-iMn  because  of  oxidant  rich  operation  due  to 
malfunction  of  the  proportioning  device. 

Runs  29  to  U6-12B  yielded  the  following  re  suits.? 

(a)  The  optimum  arrangement  of  ball  baffle  and  turbulence  ring  occurred  when 
the  gap  between  the  liner  throat  and  turbulence  i-ing  was  l/U  in.  With 
the  l/U”  gap  the  COa  was  92-93^. 

(b)  Plugging  the  fuel  tip  drain  hole  reduced  performance 

(c)  Addition  of  2  l/l6*'  diameter  holes  to  the  bottom  of  the  fuel  tip  reduced 
performance. 

(d)  Incireasing  the  spray  angle  of  the  fviol  slightly  by  cutting  back  the 
bottom  of  the  ball  baffle  (runs  lj3-h3-'12B)  did  not  affect  performance. 

(e)  No  liner  burning  or  fuel  tip  melting  occurred. 

Run  1i6-12B  on  18  October  i9s'';  evaluated  the  Arde  dual  swii'l  nozzle  (Fig.  19). 
Performance  was  fair  with  91 » 8!?  COs  but  the  lowr-r  end  of  the  nozzle  uas  burned. 
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j  .The  n«xt  series  of  tests,  runs  )|8  through  ?3“12B  were  made  with  a  3"  diameter 

ring  baffle.  at  first,  a  l/li”  clearance  between  the  ring  and  the  liner  throat. 

(Pigiire  20)  Additional  modifications  made  to  the  3"  ring  baffle  during  the  runs  are 
indicated  onl  Figure  20.  Runs  h8-53“123  v/hich  were  completed  on  7  November  1955  gave 

:  j  ’  \  i- !  '  ■  ' 
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results.,  that  ;were  inferior  to  the  optimum  arrangement  of  small,  ring  baffle  and 

'if';’  I  ^ 

turbiilei^be  ring, 

\  '■'i  s' '  During  the  fourth  conference  held  on  tt  November  1955  at  EES  it  was  agreed 
that  a  successful  5  hour  run  could  be  made  with  the  small  ring  baffle  plus  turbulence 

i  i  1'  >  ! 

ring, '  The  5  hour  run  would  have  to  wait  until  the  new  liner  was  completed.  In  view 

I  •  ‘  .  .  = 

of  the  poor  results  of  runs  Ii8  through  ,h3”12B  it  was  decided  to  machine  a  ring  baffle 

.j  . 

withftha  same  shape  and  dimensions  as  the  baffle  with  added  turbulence  ring  that  had 
given  the  best  results  and  to  check  the  reproducibility  of  those  results,  if  if 
Runs  Sh  through  56~12B  were  made  In  accordance  with  the  decisions  of  the 
8  Novemt^er  conference#  The  fuel  nozzle  employed  is  shown  in  (Figure  21).  Guide  vanes 

li  .  ■ 

were  installed  on  the  fuel  inlet  pipe  in  runs  Sh  and  55-12B.  Run  5U-12B  at  650  psig 
chamber  pressure  was  without  incident;  COa  was  91,’6^.  The  new  liner  (EES  designation  - 
No,  )j.)  vrtiich  was  designed  by  Arde  Associates'’’^  was  Installed  for  run  No,  55-12B.  The 
changes  made  to  the  previous  design  were  as  follows: 

(a^  reduction  of  wall  thiclcness  to  1/8”  (from  3/16”  in  the  present  liner) 

(b)  reduction  of  fin  hei£^t  to  3/0”  (from  5/8”  in  the  present  liner) 

(c)  increase  in  liner  I.D.  to  10-3/8”  to  incorporate  (a)  and  (b)  above  and 
maintain  the  transverse  dimension  of  the  previous  liner,  ll-3/8”o 


(.'0  "Modified  CC12  Liner  Design",  Arde  Associate?.  Report  No.  !4553“1  26  July  1955 

c  0  F  T  D  li  ::  T  I  A  L 


20  - 


I  ;■  h;:: 


i  ,  ;  I  -i  t  1  '-il  >■  -  I  l';',  i 
I  !  .i:;\  r:  •:  -ii  ’ 


^  : 


c  Q  rjr  I  ir'E  'U  T=:K  A:L 


i  ••• 


'.I 

L;-‘ 
5  c 


Ir»  .i-*un  55  -12B  at  6Ii5  psig  for  iit';  .snc.'lpurnjn  the' lower  end 

tin;  liner  whero  it  is  backed  with' p«'C-ki.r'g.  Tiie  I'urn'ed  Yir&a 'was'  directly  below  the  ' 

i.  " 

in.ief  pipe  olbow.  The  fuel  injoctcn  Ts.'irmhly  found  tq  be  tilted  slightly  towa; 
:.t:o  i)ur;;<;-d  t.rora.  Guido  lu,gs  were  added  to  iho  bail  baffle  for  run' 56-12B  in  an  attempt 
i'r'r-’/eiii.  tilting-of  the  fuel  injQctor«  In  run  5j6— 12B  on  11  Januarj'"  19^?>  which  was. 

c. ondu.ited  at  6i>'0  psig  chamber  pressure  for  ^  min,  f  sec,,  additional  burning  of  the  ■ 
boot^nn  sA  the  liner  occurred  in  two  ureas ■directly  above  diluent  spray  nozzleso 

A  fifth  meeting  was  held  at.  EES  >’i;  Jar.uanp  19^,  19t)6j  to  discuss  the  liner 
damage  caused  by  inins  55  And  56-12B.  Bncc-'  p”-e»:.-.ntpd  two  methods  of  providing  more 
positive  cooling  about  the  entire '  inside  d  i. '>>*).; if  r  of  the  liner  at  its  lower  edge.  One 
iiicUit-d  was  to  add  a  cooling  water  ring  ;iu3b  above  the  critical  neotion.  The  ring  would 
be  supplied  by  four  pipes  one  from  each  of  tho  four  diluent  nozzles  (Figure  22).  The 

i 

...  \ 

sfk'.'ond  approsoh  would  be  to  install  a  .single-  water  .spray  nozzle  to  replace  the  four 

i';ozs.i.cs  that,  had  been  in  use  (Figure  25).  The  additibn  of  a  gas  deflector  ring  to 

d. .if2.sct.  gases  away  from  the  dead  space  provida-''  for  liner  expansion  was  also  discussed 
ai>  d  modus  of  preventing  burning.  Iraprovoments  to  the  Arde  dual  swirl  nozzle  were 
adviiui. ed  since  this  nozzle  was  still  believed  to  be  of  superior  design.  Steps  for  the 
next  runs  were  agreed  to  and  were  carried  out  in  ™ns  57  through  62-12B, 

Run  57“12B  was  made  with  a  slightly  modified  Arde  dual  swirl  fuel  nozzle. 

High  combustion  efficiency  was  obtainod.,  '->1,0%  ZQz^  but  .serious  bimlng  in  the  dome 
of  the  liner  occurred.  For  run  56  the  donu'  n.iflie  fuel  nozzle  (Figure  21)  was 
'■;ir.at..ii.lsd  and  a  gas  deflector  ring  was  ir.sballea  Just  above  the  diluent  nozzles.  The 
deii'-.'-tcr  ring  was  installed  to  prevent  ,y'j-  •J.'.d.v.-r  uub-.rnt  fuel  from  collecting  in 
*hc  rr.:ice  provided  for  linor  oxpanrlcr,.  T.h-;  r.n;:  t'U.n-c.d  off  almost  completely 


Dur.r.g  T-uns  59  and  cO- 12B  the  !i  •lilu-i.r  v/a’.er  epray  no.vzles  wore  baffled 

c  0  :•  F  I  C  r  T  r  A  L 


I 


In  an  attempt,  to  proJids  complete  j-xtier  wall  coverage,  Diiiing  ron  60-12D  niinor  liner 
burning  near  the  diluent  nozzles  occurred.  It  was  agreed  that  the  baffling  of  the  U 
nozzles  was  not  a  satisfactory  approach. 

For  runs  6l  and  62-12B  the  cooling  water  ring  and  U  diluent  noazle  arrangement 
was  evaluated.  Burning  of  the  liner  at  its  lower  end  was  successfully  prevented  at 
650  psig  chamber  pressure  for  a  total  run  time  of  about  2U  minutes.  Data  was  obtained 
in  nin  62-12B  for  liner  wall  and  jacket  temperature  changes  that  had  been  noted 
previously  In  inins  56, 60,  and  6l  (Table  IV).  Tlie  temperature  changes  occurred  rapidly 
after  varying  periods  of  operation  while  the  system  feeds,  pump  pressures,  etc.  remained 
essentially  constant.  The  liner  wall  and  jacket  readings  remained  steady  before  and 
after  the  change.  It  appeared  that  the  region  of  most  intense  heat  release  suddenly 
dropped  lower  in  the  chamber  because  of  some  change  in  the  character  or  geometry  of 
combustion  independent  of  the  external  system.  The  change  was  marked  by  a  decrease 
in  COso  Tlie  phenomena  was  of  concern  because  it  was  an  indication  of  unstable 
combustiono 

Runs  63  through  65-'12B  evaluated  the  Becco  ’'umbrella”  diluent  nozzle 
(F:lgure  zj)  one  central  nozzle  replaced  the  U  nozzles  used  previously.  The  nozzle  had 
been  installed  lower  than  Becco  had  recommended,  .Minor  liner  burning  at  its  lower  end 
occurred  during  run  6li-12B,  A  deflector  ring  was  added  to  the  nozzle  to  depress  its 
spray  for  ran  65--12B.  Severe  liner  damage  resulted,  T’ae  bottom  of  the  liner  was 
completely  melted  around  one  half  of  its  bottom  circunf erence.  The  burning  extended 
from  the  bottom  of  the  liner  up  to  a  point  corresponding  to  the  height  of  the  packing 
hacking  the  liner.  The  liner  was  removed  f.U'  repair;,  The  central  nozzle  idea  was 
abznioned  because  the  HsOa  available  for  testing  was  limited  and  the  addit.ion  of  the 
..ouiir.^  ng  had  proved  successful.  Becco  felt  the  central  nozzle  t.c'mI'I  bo  made 

t-;  by  increasing  Its  height  abovu  the  bottom  of  the  chaif’er, 
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old  liner  that  had  bean  used  early  in  the  test  prof^ram  v/se  installed  for 
nin  and  the  !;  noszla,  coolinj'  rlnp  nrrnnunmant  vrns  tested  at  700  psig  chamber 

pressure.  No  burning  or  liner  vnall  tomperatvire  shift  occurred  during  11  minutes  of 
operation.  COa  was  91th%» 

The  percentage  of  COa  in  the  non-condensibles  of  the  exhaust  gas  decreased 
from  approximately  9it!^  at  6^0  psig  to  91^  at  700  psig  chambor  prsssureo  It  was  decided 
that  more  intense  mixing  of  the  decomposition  gases  and  fuel  spray  was  needed  to  keep 
the  COs  above  the  accepted  minimum  of  '^0??  when  full  power  operation  at  750  psig  chamber 
pi’essure  was  atteraptedo  Becco  felt  that  additional  turbulenc j  would  prevent  the  liner 
wall  temper-'' changes  1'  '’+  had  occurred  previously,  ^'ior  to  imn  67-12B,,  tirclve 
hS"  angle  slots,  each  3/32  of  an  inch  wide,  were  cut  in  the  lower  end  of  the  donut 
baffle  in  order  to  increase  the  turbulence  (Figure  2Li) . 

Data  was  taken  at  650  and  750  psig  chamber  pressure  in  run  67-128,  The 
percentage  of  COa  of  the  non-condensibles  of  the  exhaust  gases  was  9U.0  and  90,5 
respectively*  Tlie  slots  iri  the  fuel  nozzle  did  not  increase  the  COa  but  were  successful 
in  preventing  the  liner  wall  temperature  change.  Mo  liner  burning  occurred* 

Four  small  swirl  vanes  were  then  added  to  the  slotted  ring  baffle  in  an 
effort  to  improve  mixing  (Figure  25).  The  swirl  vanes  improved  the  combustion  in  run 
68-12B,  The  CO2  was  95.9^  at  650  psig  chamber  pressure.  The  same  fuel  nozzle  was 
evaluated  in  liner  No.  h  in  run  69-12E,  OO5  was  97.i,b  at  675  psig  chamber  pressure 
but  alight  burning  of  the  liner  dome  occurred.  The  swirl  vanes  were  reduced  in  width 
for  run  T0-12B  with  liner  No.  It.  No  burning  occurred  in  run  70  but  there  was  little 
performance  increase  over  the  slotted  ball  baffle  vnthout  the  swirl  vanes. 

After  ru.n  70  it  was  apparent  that  an  extended  run  could  be  attempted  using 
i  Inoi  No,  a,  the  slotted  ball  baffle  fuel  nozzle,  and  the  b  nozzle,  cooling  r1-ng, 
diluent  water  arrangement,  Tlie  length  of  the  final  extended  rin  was  reduced  from  10  to 
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S  hours  and  finally  to  2-1/2  hours  based  on  the  emounc.  of  Hp.Oa  exi.'iended  for  the 
development  of  n  satisfactory  combustion  chamber  configuration.  ONR's  decision  to  go 
ahead  with  the  extended  run  was  prompted  by  tJie  HcO^  that  was  on  hand  and  also  by  the 
desire  to  complete  the  program  by  June  30,  19L'6,  A  brief  check  out  run  and  the  final 
2-1/2  hour  test  are  described  in  the  next  section. 

Bo  Results  of  Test  Runs  71  and  7 2-1 2 B 

Run  Noo  71-12B  was  conducted  to  verify  the  assumed  trouble-free  operation 
of  the  combustion  chamber  configuration  consisting  of  the  slotted  ball  baffle  fuel 
nozzle,  liner  No.  Li,  and  the  cooling  ring,  h  nozzle  diluent  spray.  The  slotted  ball 
baffle  fuel  nozzle  had  not  been  evaluatod  in  liner  No.  h.  The  results  of  run  71-12B, 
no  liner  buming  or  liner  wall  temperature  changes,  COg  at  660  psig  chamber 

pressure,  and  stoichiometric  fuel  and  HsOs  proportioning,  demonstrated  that  the  long 
run  could  be  attempted.  Data  summary  for  run  71-12B  is  given  in  Table  V, 

It  was  decided  by  EES  and  Office  of  Naval  Research  representatives  that 
the  final  run  would  not  be  made  at  full  rated  power  with  a  combustion  chamber  pressure 
of  750  psig.  Instead,  to  help  insure  a  successful  test, the  flow  rate  was  to  be 
limited  so  as  to  hold  the  chamber  pressure  at  approximately  650  psig  for  a  duration 
of  2-1/2  hours. 

The  final  run  was  made  on  7  May  1956,  Data  summary  is  given  in  Tables  V 
and  VI,.  With  reference  to  the  data  summary,  the  vari'  ^  'en  in  chamber  pressure  readings 
was  due,  in  part,  to  an  accumulation  of  foreign  uicaterial  found  after  the  run  in  the 
line  to  the  Bourdon  tube  pressure  gage  and  the  continuous  recorder.  The  Bourdon  tube 
pressure  gage  located  on  the  main  control  panel  showed  decreasing  chamber  pressure 
after  completion  of  approximately  l\alf  of  the  run  because  of  the  restrictions  in  the 
line.  The  operators  increased  the  flow  rates  when  the  false  decrease  in  chamber 
pressure  was  noted.  The  chamber  pressure  also  varied  as  a  result  of  slight  changes 
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in  the  diluent  w.-iter  flow 'to  t.l;c  nozr.los  (not,  shovm  by  the  water/HnOn  flow  ratio).  A 
relatively  small  amount  of  dil\;ent  water  wa*  by-passod  durinf;  the  first  half  of  the 
run  iii  order  that  a  hif;h  exliaiKst  tempera t uro  could  be.  maintained.  The  pyrometer 
giving  the  exiiaust  temperature  indicated  occasional  surges.  During  the  second  half  ' 
cf  the  run,  less  diluent  water  was  by- passed  thus  reducing  the  exhaust  temperature 
and  the  possibility  of  plant  trlp-ont  during  exhaust  temperature  surges. 

Tlie  increase  in  CO?,  together  v/ith  i.he  rise  in  liner  wall  temperature  readingSj  ■ 
Jacket  water  temperature  readings,  cooling  water  and.  diluent  water  temperature  readings, 
in  the  first  36  minutes  of  operation  on  fuel  indicated  that  the  data  of  previous  runs 
taken  at  shorter  Irtervals  after  startup  did'  rot  reflect  the  steady  state  operation  of 
the  system.  Some  of  the  liner  and  jacket  water  (omperature  readings  did  not  settle  out 
until  later  in  the  run.  Many  of  the  liner  tempex-atures  were  aViove  values  that  had 
been  observed  jn  previous  runs  when  liner  buining  had  resulted.  Inspection  of  the 
liner  aftm  run  72'*12B  revealed  that  no  barning  had,  occurred.  In  addition  the  fuel 
nozzle  was  undamaged.  The  run  was  successful. 

It  was  the  opinion  of  the  EES  personnel  and  the  Becco  representative  who 
had  witnessed  the  final  run  thet  the  ru.n  would  have  been  equally  successful  at  7b0  psig 

chamber  pressure.  In  run  67~12B  which  utilized  the  slotted  ball  baffle  fuel  nozzle, 

\ 

the  liner  vrali  temperatures  recorded  at  6^0  and  then  7^0  pslg  showed  an  average  increase 
of  2u”  For  the  750  peig  operation.  Par*  of  the  increase  is  the  normal  rise  for  the 
system. 

VI,  Summarv  Discussion  of  Combustion  Chamber  Modifications  -  Project  '‘Hill” 

Changing  the  design  cf  the  head  section  of  the  combustion  chamber  liner  from 
the  conical  shape  utilized  during  the  Alton  project  to  the  dome  shape  recommended  by 
Becce  d;o  oct  eliminObe  burinic’  of  ihr,  top  portion  of  the  liner  (Figures  1  and  7). 

Hie  .1  .nei  bnrnin-:  was  Pttx  ad  to  liquid  fuel  reaching  the  Ixnef  wail  and  burning 
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■*tiere,  '  At.tempts  to  reduce  the  fuel  spr/iy  penetration  by,roduoang  the  fuel  injection 
velocity  gave  improved  cper^t;  r.  but  lir;<»r  lurtr’rr;  ntill  occurred.  The  fuel  injection 
.'tiloul+.y  wij  'iecreosod  from  ‘'i.-'  ft/aeo.  about- 20  ft/sec,  by  increajsihg  the  number 
of  holes  in  the  fuel  nozzle  (Figures  3  and  12).  A  2U  hole  fuel  nozzle  giving  a 
conical  spray  pattern  and  an  Injection  velocity  of  30  ft/sec.  gave  the  beat  teat 

results.  Decreasing  the  included  fuel  spray  angle  also  proved  to  be  unsuccessfpl  in 

\ 

preventing  liner  burning. 

\ 

The  original  comh\istion  oharnbar  incQrporated  an  HgOa  decomposition  gas  swirl 

i  '•  '■  ■'  < 

Just-  above  the  fuel  tip.  Data  takon  during  a  test  without  combustion  showed  that  the 
location  of  the  highest  liner  temperatures  wos  the  same  for  the  non-combustion  find 
combustion  inns.  Tho  gas  swirl  was  causing  incroasc-d  heat  transfer  by  reducing  the 
thickness  of  the  gas  film  at  the  liner  wall.  A  combustion  run  with  the  gas  swirl  vanes 
removed  gave  poor  performanoe  \19,6%  COa)..  The  need  of  a'  turbulence  producing  device 
other  than  the  gas  swirl  vanes  was  indicated. 

"Coakial"  baffles,  and  ’'dual  swirl »'  turbulence  producers  were  unsuccessful 
(Figures  lii,  15,.  l6,  and  15).  A  ring  baffle  proposed  by  Becoo  (Figure  17)  approached 
the  desired  results.  No  liner  burning  ocij!urrcd  but  the  combustion  efficiency  was  low 
(COa  -  89.65S).  Modifications  were  made  to  the  ring  baffle  to  give  an  optinum 
performance  of  about  COa  (Figures  I8,  20,  and  21).  ^ 

High  performance  of  tho  ring  or  "donut’'  bafflo  vnsulted  in  chamber  liner 
burning  at  its  lower  edge  whora  it  was  hacked  with  packing  as  indicated  on  Figure  10. 

fling  of  the  diluent  spray  nozzles  was  unsuccessful  in  preventing  the  damage  to  the 
bottom  of  the  liner.  The  addition  of-  a  water  spray  ring  at  the, critical  section 
provided  a  somewhat  make-shif'  solution.  A  central  nozzle  was  partially  evaluated 
(Figure  23)  but  rctur-fi  to 'th'>  A  nozzle  -  spray  ring  arrangctnent  was  made  bocau.^^  of 
limited  project  funds.  .  -t-  r  -- 
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A  liner  vrfjli  tamporal.ure  fluctuation  noted  ciurinf^  the  high  performance 
(955?  CO2)  with  the  donut  baffl^^  was  eliminated  by  adding  slots  to  the.  baffle  (Figure  25)  • 
The  slotted  donut  baffle  turbulence  ring  togethor  rrith  the  conical  fuel  spray  and  diluent 
arrangement  of  )i  nozzles  and  the  cooling  ring  gave  high  performance  (average  975?  COs) 

.for  a  2-1/2  hour  run  at  650  pblg  chamber  pressure  without  any  liner  damage, 

VII,  Results  of  Combustion  Tests  Carried  Out  at  Becco 

In  acoordancs  with  contract  amendment  No.  6  dated  29  February  1956,,  a  brief 
HgO^-diesel  fuel  combustion  study  was  conducted  at  Becco  from  the  middle  of  May  to 
the  and  of  June  1956,  The  basic  combustion  arrangement  of  HrOs  externally  decomposed 
and  llou-’d  ■-’’“.sol  fuel  injertion  employed  at  EKS  was  retained  with  a  2-1/2” 
combustion  chamber. 

Flow  rates  of  HnOj,,  fuel,  and  water  to  the  2-1/2”  chamber  were  based  on  a 
combustion  zone  cross-section  area  ration  to  the  modified  Alton  unit.  Thus  the  heat 

A 

release  rate  per  inf  of  liner  area  was  approximately  equal. to  that  of  the  modified  Alton 
chamber.  The  combustion  chamber  run  at  Becco  had  an  effective  combustion  zone  length 
of  about  4  and  later  5  inches  taking  the  distance  from  the  throat  of  the  head  to  the 
point  where  the  flame  was  qi-ienched  by  diluent  water.  The  effective  length  of  the 
modified  Alton  chamber  was  about  twenty  inches. 

The  first  five  runs  at  Becco  were  a  simulation  of  the  combustion  chamber 
arrangement  that  proved  successful  in  t.-'o'-  runs  at  EEB  (Figure  26),  All  subsequent 

.i 

tests  incorporating  changes  to  be  described  later,  were  compared  to  the  simulated 
Alton  arrangement.  The  changes  made  in  the  chamber  config).iration  and  fuel  spray  were 
an  attempt  to  study  configurations  which  might  yield  significant  increases  in 
performance  over  that  attained  in  Runs  1  through  5  or  at  least  to  point  out  fruitful 
avenues  of  approach  in  future.,  combustion  chamber  development  work  utilizing  decomposed 
HsOs  and  fue]..  Emphasis  was  placed  on  evaJuating  as  many  configurations  as  possible 
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rather  than  gaining  optimum  performance  for  a  few  changes.  Therefore,  the  teat  > 
results  are  to  be  considered  preliminary  only.  A  schematic  <;liagram  :;Of  the  tost 
system  employed  at  Becco  is  shown  in  Figure  27, 

Runs  1  through;  U.  were  conducted  for  system  check  out  and  to  familiarize 
operating  personnel  with  test  procedures. 

Run  No,  5  gave  results  for  comj)ari son  with  later  runs,  Table  VII.  All  tests 
were  of  approximately  5  minutes  duration  and  utilized  diesel  oil  as  fuel.  Run  No,  6 
was  made  at  increased  flow  rates  and  chamber  pressure  and  indicated  a  slight  decrease 
in  COa  (82.3  vs.  8l,6^)  correlating  with  sli^t  COs  decrease  with  increased  pressure 
obtained  during  runs  at  EES.  The  fuel  spray  patti^m  for  runs  5  and  6  is  shown  in 
Plate  1, 

'V 

The  first  change  in  the  combustion  configuration  was  an  attempt  to  reduce  the 
size  of  fuel  droplets.  Both  Arde  Associates  and  the  engineers  at  Becco  favored  the 
approach  of  reduction  of  fuel  spray  droplet  size.^^^  A  Monarch  #70-80“  hollow  cone 
nozzle  was  used  together  with  the  flat  baffle  for  Run  No.  7  (Plate  2),  COa  decreased 
from  82.3  to  75.Uy6.  In  runs  5,  6,  and  7  operation  was  oxidant  rich.  Correction  for  the 
oxidant  rich  combustion  was  approximated  by . subtracting  the  volume  of  excess  Oa 
from  the  sample  volume. 

Run  No,  8  was  an  attempt  to  increase  the, .chamber  perfomance  by  lowering  the 
diluent  nozzle  to  increase  the  effective  combustion  length  from  If  to  approximately  5 
inches.  No  increase  in  COa  was  noted.  Combustion  was  fuel  rich  which  accounted  for 
the  Increased  chamber  pressure  with  lower  COa. 

(b)  "Analysis  of  Combustion  in  the  Alton  Chamber"  Dr.  E.  Mayer,  B.  J.  Aleck,  Arde 
Associates  Report  No,  2567-1, 
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For  run  No.  9  th«  fuel  spray  droplet  size  was  further  rednc^jd  by  employing  a 
#28-60*  Monarch  hollow  spray  nozzle  (Plate  3).  The  percentage  of  COa  in  the  non-con¬ 
densibles  of  the  exhaust  gases  was  lower  than  Run  7  which  employed  a  #70-80*  Monarch. 
Further  reduction  in  dixjplet  size  was  considered  useless. 

Runs  10  and  11  were, to  evaluate  solid- spray  nozzles  (Plates  Ii  and  and 

J  ' 

indicated  an  increase  in  COa* with  decreased  droplet  size. 

Run  No.  12  incorporated  a  fuel  nozzle  configuration  that  had  proved 
successful  in  previous  test  work  at  Becco,  The  arrangement  utilized  a  bluff  body 
type  flame  holder  (Figure  28),  The  fuel  tip  was  a  #70-80*  Monarch.  A  comparison  of 
runs  7  and  12  indicates  excellent  operation  with  the  flat  flame  holder. 

Because  flow  patterns  about  a  conical  flame  holder  appeared  to  give  more 
intense  mixing^^^  a  conical  flame  holder  was  installed  for  run  No,  12  (Figure  29)» 
performance  decreased. 

The  "straight  through"  head  arrangement  (Figure  30)  for  Run  ik  was  evaluated 
to  explore  the  possibility  of  a  simpler  head  design  in  comparison  to  the  "restricted" 
entry  used  in  the  previous  runs.  Performance  decreased.  An  interesting  effect  of 
the  use  of  flame  holders  was  noted.  The  straight  through  head  insert  had  never  been 
exposed  to  high  temperatures  before  the  run.  After  the  liin  an  inspection  of  the  insert 
revealed  only  very  sli^t  discoloration  of  the  metal.  The  flame  holder  stabilized  the 
combustion  in  a  manner  that  eliminated  high  heat  transfer  to  the  head  section. 

Runs  l5  and  l6  incorporated  a  rather  drastic  change  over  the  general 
configuration  tested  at  EES.  The  fuel  tip  was  installed  in  the  diluent  spray  nozzle 
giving  "reverse  flow"  fuel  injection  (Figure  31).  It  was  hoped  that  the, stay  time; 

(6)  "Some  Experimental  Techniques  for  the  Investigation  of  the  Mechanism  of  Flame 

Stabilization  in  the  Wakes  of  Bluff  Bodies"  H,  M.  Nicholson,  J.  P.  Field,  IlJdr, 
USN,  Bureau  of  Ordnance,  Contract  NOi^  7386 


i»e.,  the  length  of  time  each  particle  of  fuel  could  burn  before  being  quenched  b7 
the  diluent  water  spray,  would  be  greatly  increased  thus  assuring  efficient  combustion 
A  baffle  was  installed  just  below  the  throat  at  the  liner  inlet  to  prevent  any  fuel 
from  being  sprayed  into  the  uncooled  chamber  below  the  catalyst  bed.  The  fuel  sprays 
were  checked  before  each  run  by  removing  the  catalyst  chamber  and  baffle  at  the  head 
and  observing  the  amount  of  fuel  spray  emitted  through  the  throat  of  the  head  insert. 
Very  little  fuel  was  sprayed  out  of  the  chamber  with  the  #70-80*  Monarch  at  rated 
flow.  Considerable  spray  was  emitted  iiThen  the  #50-35“  Monarch  was  installed.  Runs 
15  and  16  gave  poor  results.  No  difficulty  was  experienced  with  light  off  and  chamber 
pressure  remained  steady. 

The  preliminary  conclusions  from  the  HaOe  decomposition  liquid  diesel  fuel 
Injection  tests  made  at  Beeco  are  as  follows r 

(a)  Reduction  of  droplet  size  in  a  hollow  cone  spray  by  increasing  the 
pressure  drop  across  the  fuel  nozzle  will  not  increase  combustion 
efficiency. 

(b)  Decreasing  fuel  droplet  size  with  a  solid  spray  increases  combustion 
efficiency. 

(c)  "Restricted  entry",  flat  flame  holder  below  the  throat,  will  give  good 
operation  and  reduce  heat  transfer  at  the  head  of  the  liner, 

(d)  "Reversed  flow"  fuel  injection  as  performed  resulted  in  poor 
performance, 

(e)  Removal  of  the  restricted  HaOs  decomposition  gas  entry  passage  decreases 
performance, 

(f)  A  flat  flame  holder  gives  better  performance  than  a  conical  flame  holder. 

In  addition  to  the  combustion  tests,  flow  tests  were  conducted  with  a 

plexiglass  mockup  of  the  combustion  chamber.  An  attempt  was  made  to  obtain  a  picture 
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of  a  2  dimensional  flow  pattern  within  a  3  dimensional  flow  (Fipire  32).  Nitrogen 
and  entrained  aluminum  particles  passed  through  the  mocknp.  Difficulties  experienced, 
fabricating  the  plexiglass  and  obtaining  satisfactory  pictures  within  the  short 
test  period  (Plate  6)  prevented  the  possible  use  of  the  flow  pattern  pictures  iu  the 
.aelofition  of  test  aet-upe  that  would  give  better  performance.  The  degree  of 

correlation  between  the  intensity  and  geometry  of  turbulence  obtained  with  the 

,1 

plastic  chamber  and  the  performance  of  the  stainless  steel  combustion  chamber  would 
have  determined  the  usefulness  of  the  plastic  mockup.  More  development  work  is 
required  before  adequate  flow  pattern  pictures  can  be  obtained  with  a  3  dimensional 
mockup  of  a  combustion  chamber  under  consideration. 

The  shortness  of  the  test  program  prevented  experimentation  with  other 

(7) 

types  of  fuels.  .An  analytical  description  of  combustion  prepared; by  Arde  Associates'''' 
for  Becco  predicted  a  gain  in  combustion  efficiency  when  more  volatile  fuels  than 
diesel  oil  are  buraed  in  a  given  short  combustion  chamber. 

A  summary  of  the  analytical  description  of  combustion  is  presented  in 

A 

Appendix  A. 

VIII.  Conclusions  and  Recommendations 

Full  power  operation  of  the  HaOa-diesel  fuel  Alton  cotebustion  chamber 
called  for  maintaining  750  psig  chamber  pressure  end  1300‘F  estiiaust  continuously 
for  ten  hours  with  eo  rninimum  of  90^S  COa  by  volume  in  t'i&  n-in— condensibles  of  the 
exhaust.  The  combustion  chamber  developed  during  Project  "Hill"  demonstrated  near 
full  power  operation  for  2-1/2  hours  with  an  exhaust  temperature  at  an  average  of 
approximately  1200’F  in  run  72-12B.  The  COs  of  the  esdiaust  during  the  2-1/2  hour 
nin  was  well  above  the  minimum  of  90$  and  the  comb\)stion  chamber  liner  burning  that 
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(7)  loc.  clt.  Arde  Associates  No,  25$7-l 
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occurnid  during  full  power  opere-tion  of  ■‘■ho  Al*.oi.  system  was  eiimlneted.  It  is 
Beccc's  opinion  that  tho  co^"i'u':‘ ion  f-ha^hor  confi  ipirotlon  test  was  employed  in  run 
72-12B  could  operate  successfully  at  full  power  for  ten  hours.  As  mentioned  earlier^ 
the  final,  run  configuration  was  operated  at  750  psig  chamber  pressure  far  a  short 
time  in  run  67-12B  without  oauslng  any  liner  damage.  In  addition,  if  90%  HaO^  of 
slightly  greater  purity  than  that  on  hand  at  EES  were  employed  in  a  10  hour  test,  a 
samarium  treated  silver  screen  cat.alyst  bed  coiil^d  bo  expected  to  provide  satisfactory 
decomposition  for  the  duration  of  t}:---  test.  The  catalyst  difficulties  experienced 
half  way  through  the  Pro.iect  "Hill"  test  program  prompt  the  previous  statement. 

The  ■^ollow'‘ng  m''-’-'’ ficationa  might  prove  to  fur+her  increeso  the  reliability 
and/or  simplicity  of  the  Project  "Hill"  ciiainbers  ' 

(a)  Substitution  of  a  properly  located  central  spray  diluent  nozzle  fed 
from  four  plain  pipes  for  the  cooling  ring,  four  nozzle  diluent 
arrangement,, 

(b)  Installation  of  a  3/b"  prpe  spray  ring  in  place  of  the  3/8"  cooling 
ring  and  removal  of  the  four  spray  nozzles.  The  larger  ring  would  be 
drilled  to  provide  a  spray  against  the  bottom  of  the  liner  to  accomplish 
the  affect  of  the  cooling  ring  addition.  The  larger  ring  could  also  be 
drilled  to  provide  a  cone,  of  flame  quenching  diluent  water  in  the  bottom 
of  the  combustion  space.. 

(c)  Removal  of  the  slotted  ring  baffle  from  the  fuel  tip,  increasing  the  fuel 
tip  length,  and  the  addition  of  a  )i"  diameter  flat  flame  holder  to  give  a 
configuration  similar  to  tho  flat  flame  holder  restricted  entry 
arrangement  that  showed  promise  during  the  tests  at  Becoo  of  maintaining 
high  combustion  efficiency  while  eliminating  the  cooling  problems  in  the 


head  section. 
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M  w  mm  mm  ^  mm  m-  mm  mm 

Additional  combustion  studies  could  be  made  at  Becco  in  order  to  reduce 
the  development  time  renuired  for  the  proper  operation  of  a  HrC:?  supported  oombustion 
system,  Tlie  information  obtained  may  also  contribute  in  a  small  way  to  tlie  better 
understandini^'  of  ti'.e  whole  fiold  of  turbulent,  high  pressure  combustion.  Develop¬ 
ment  work  with  HtjOa  decomposition  gases  to  which  e  •'wiri.rl  is  imparted  as  was  done 
with  the  swirl  vanes  on  the  fuel  inlet  of  the  Alton  chamber  and  with  the  Arde  dual 
swirl  nozzle  tested  during  Project  "Hill"  could  be  continued.  Such  general 

I 

combustion  configurations  using  air  can  give  high  heat  release  rates  while  maintaining 
relatively . cooling  combustion  chamber  walls. Reverse  flow  fuel  injection  could 
also  be  investigated  further.  Such  an  arrangement  should  provide  the  intense  mixing 
that  efficient  combustion  requires.  In  fact,  the  configuration  run  at  Becco 
probably  provided  too  intense'  mixing.  It  appeared  that  the  turbulence  insiide  the 
chamber  during  combustion  caused  a  blow  out  of  the  burning  of  the  heavier  fuel 
fractions  and  consequently  poor  combustion. 

More  volatile  fuels  than  diesel  oil  may  prove  to  be  more  easily  adaptable 
to  an  H20a  supported  oombustion  chamber.  The  relations  developed  in  the  Arde  Report 
summarized  in  Appendix  A,  indicate  that  more  volatile  fuels  would  give  more  trouble-free 
operation. 

More  exact  design  parameters  could  be  developed  for  the  restricted-entry 
flat  flame  holder  arrangement. 

Finally,  an  approach  to  the  problem  of  the  development  criteria  for 
successful  chamber  design  was  only  begun  in  the  test  work  at  Becco  described  earlier 
in  this  report.  The  possibility  of  proving  the  existence  of  a  correlation  between 
the  geometry  and  intensity  of  turbulence  obtained  by  photography  of  a  non-combustion 


A  (8)  "Flame  Stabilization  in  Gases  Flowing  Cyclonically  Flow  Characteristics, 

■  Temperatures  and  Gas  Analysis"  L,F,  Albright,  L.G,  Alexander,  University  of 
Oklahoma 
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plastic  chfimbei’  mockup  and  the  combustion  efficiency  obtained  in  the  steel 

II 

counterpart  appears  attractive.  If  such  a  correlation  exists,  considerable 
development  work  co\ild  be  done  „with  inexpensive  fluids  (nitrogen  and  aluminum 
particles).  Tliis  general  approach  could  be  carried  one  step  further  if  the  first 
phases  clescribed  above  are  successful.  (Hass  wall  combustion  chambers  together  with 
Schlieren  photography  and  flame  ionic  probes  could  then  be  used  to  more  fully 
describe  the'i  actual  flame.  The  existance  of  a  correlation  between  the  plastic 
mockup  flow  patterns  and  the  local  conditions  of  temperature,  velocity,  and  degree 
of  reaction  obtained  by  Schlieren  photography  and  ionic  probes  would  give  useful 
data  to  the  entire  field' of  turbulent  c^^nbustion  rereerch.  The  affects  of  flame 
generated  turbulence  would  be  the  least  that  would  be  obtained. 
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.  TABLE  I  „  - 

TEST  DATA  RUN  #68  MODIFISD  CC-12  COMBUSTION  CHAMBER 


Data 


18  Januaiy  1953 


Conbustloa  Chamber  Pressure 


728  psig 


Wa%er/^aOa  ratio  la  gals* 
Fuel/HaOs  ratio  la  gala* 

Catalyst  Chamber  Dlaeh*  Temp* 
Comb*  Chamber  Dlsoh*  Temp* 
CsollBg  irater  to  eomb*  eh*  Temp* 
SUueat  to  spray  has zles  temp. 
Dilueat  to  esnb*  o)hi*>  pressure 
C  P  aoroBS  dilueat  spray  nozzles 
Puel  to  comb*  ob*  pressure 
A  P  fuel  Injector 
Time  on  fuel 
Tstal  floir 


2.00 
.210 
1255*F 
1200*F 
111*P 
30lt*F 
dOO  pslg 
72  psi 
775  psig 
U7  psi 
5  miautes, 
52,682  #Ar. 
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TAB,tE  II 


INSTRinyfENTATION  AT  EES 


Iviid  or  Material 


Location 


Pressure 


Oage  Recorder 


emperature 


Recorder 


aOa  decomposition  gases  catalyst  chanber  discharge 


Exhaust  gases  from  comb,  steam  separator 
chamber 


Seawater 


exhaust  line  loop 


after  orifice 


to  desuperhoator 


to  condensar 


booster  pump  disch. 


triple  feed  pump  suction 


triple  feed  pump  discharge 


proportioning  device  outlet 


to  catalyst  chamber  cooling 

passages 


to  diluent  nozzles 


from  cooler 


to  desuperheater 


combustion  chamber  cooling 
jacket# 


to  condenser 


booster  pump  disch., 


triple  feed  pump  disch. 


after  throttle  valve 


booster  pump  disch.. 


to  combustion  chamber  cooling 
passages 
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TABLE  II  (coptd.) 


Luid  or  Material 


'ontrol  air 


ibe  oil 


Prlple  feed  pump 


Combaatlpn  chamber 
liner 


Location _ 

triple  feed  pump  suct„ 

triple  feed  pump  dlsch. 

proportloninf;  device  outlet 

to  combustion  chamber 
(after  solenoid  valve) 

Condenser  shell 

after  solenoid  valve 

to  triple  feed  pump 

from  triple  feed  pump 

3-uppar  sleeve  bearings 

3»lowar  sleeve  bearings 

3  -  ball  bearings 

housing 

thermocouple,  wires 
peaned  into  wall  # 


Pressure 
Cage  1  Recorder 


Temperature  / 
Gage  1  becorder 


*  located  as  per  dwg,  SP  859-R2 


CONFIDENTIAL 


i-  .  o:,.  ... 


CONFIDENTTAL 
TADLi:;  III 

R'iN  5-12B  SUMMARY  DATA 


loatet  17  February  19b‘5 

Wall  and  Jacket  Temps. 

•f 

Combustion  Chamber  Press, 

650  psig 

Liner  wall  temp.,  dome 

COa 

97.9^ 

W  1 

Os 

1.71^ 

W  lA 

CO 

.13^ 

V/2 

352 

Ha 

.215? 

W3 

361 

Mater/HaOa  ratio,  gpm 

1.96?; 

W3A 

- 

Puel/HaOa  ratio,  gpm 

.206 

<  Wh 

230 

Cat,  chamber  discharge  temp. 

1320’F 

3-1/8’”'  from  throat 

Comb.  ”  (Sep.)  temp. 

iieo^F 

w5 

U25 

"  ”  ”  (loop)  temp. 

1160* F 

W6 

53U 

Cooling  water  to  comb.  ch.  temp. 

68*F 

.  W7 

509 

«  ti  M  )i  temp. 

192"F 

W8 

U95 

W9 

356 

llluent'  to  spray  nozzles,  temp. 

198*F 

WIO 

660 

Wll 

500 

Recirculating  pump 

On 

>1 

iiOn  after  throttle  valve,  press. 
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‘.PrEUBIX  A 

In  addition  to  designing  liner  No®  presenting  the  dual  swirl  nozzle,,  and 
making  a  preliminary  analysis  of  the  fuel  spray  in  the  modified  Mton  combustion 
chamber,  Arde  Associates  of  Newark,  New  Jersey,  was  contracted  by  Decco  to  develop 
an  analytical  expression  of  turbulent,  HnO?>  supported  high  pressure  oomhustionl^^ 

The  report  is  aummarized  hero  to  show  the  excellent  correlation  between  the 
performance  predicted  by  the  expressions  developed  in  the  report  and  the  actual 
performance  of  the  modified  Alton  chamber.  The  factors  that  would  increase 
performance  as  indicated  by  the  expressions  developed  are,  therefore,  substantiated 
within  the  limitations  imposed  by  the  i;ondit;'.on8  not  taken  into  account  in  the 
'•epivatlons. 

The  report  develops  an  enuatlon  from  which  an  approximation  can  bo  made  of  the 
time  required  for  the  complete  burning  of  liquid  fuel  droplets  sprayed  into  a  high 
pressure  combustion  region  supported  by  the  decomposition  products  of  HBOgt  Tne 
derivation  begins  with  the  consideration  of  the  burning  of  a  single  droplet  in 
static  oxygen»rlch  surroundings.  The  model  assumed  consists  of  a  spherical  liquid 
droplet  surrounded  by  a  concentric  spherica],  flame  of  negligible  thickness.  The 
flame  is  located  at  a  distance  which  is  determined  by  the  location  of  stoichiometric 
proportioning  of  evaporated  fuel  diffusing  outv/ard  from  the  droplet  and  oxygen 
transported  and  diffused  toward  the  flame.  Tlie  products  oi  combustion  spread 
outward  from  the  flame.  The  principle  additional  assumptions  made  were  as  follows* 
(a)  the  heat  value,  thermal  conductivity,  specific  heat,  end  dlffuslvity  of 
each  unit  mass  of  evaporated  fuel  are  constant. 

(9)  loc.  cit*  Arde  Associated  2567-1 
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(b)  the  temperature  is  uniform  throughout  i‘  f’roplet  and  equal  to  the 

boiling  temperature, 

(c)  the  fuel  droplet  size  changes  slowly„  therefore  a  steady  state  situation 
is  assumed, 

(d)  the  fuel  diffusivlty  is  directly  proportional  to  the  evaporated  fuel 
density, 

(e)  the  pressure  is  constant  throughout  the  model  and  equals  1  atmosphere. 

The  fuel  life  time  calculated  by  the  equation  developed  for  the  single  droplet 

is  found  to  be  close  to  the  time  measured  by  experimentationy^*^^  calculated  X  100  =  97^. 

experimental 

The  single  droplet  theory  is  modified  to  take  into  account  the  affect  of  the 
high  combustion  pressure  developed  in  the  EES  chambe",  lue  effect  of  the  depletion  of  , 
oxygen  as  combustion  proceeds  is  found  to  be  small  ana  ected.  The  fuel  life 

time  expression  thus  modified  is  used  to  calculate  the  time  required  for  complete 
combustion  in  the  Alton  chemberi  t^s  ,0U5  seconds.  The  actual  fuel  residence  time 
calculated  from  experimental  data  is  approximately  .035  seconds.  The  calculated 
residence  time  predicts  a  combustion  eff loier.oy  that  is  approximately  10^  lower  than 
that  actually  obtained  with  the  EES  chamber. 

The  following  conditions  not  taken  into  account  by  the  derivation  are  discussed 
in  the  report: 

(a)  the  fuel  spray  is  composed  of  droplets  of  many  sizes;  the  droplets  larger 
than  the  mean  tend  to  increase  t^;  those  that  are  very  small  burn  with  the 
rapidity  of  premixed  combustible  gases  which  is  so  great  that  they,  in 
effect,  contribute  nothing  to  the  mean  lifetime  and  could  therefore  be 
excluded  . 

(10)  Godsave,  S.  A,  E, ,  Fourth  Symposium  on  Combustion,  Pg  81^,  Williams  and  Wilkins, 

Baltimore,  1953 
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(b)  the  larger  fuel  droiilets  would  be  defomied  by  drag  forces  which  would 
increase  their  burning  rate  by  increasing  their  surface  area,  (increased 
evaporation  rate), 

(c)  the  turbulent  combustion  caused  by  3\virl  vanes  or  baffles  in  the 
decomposition  gases  would  decrease  t^. 

(d)  because  of  the  geometry  of  the  central  fuel  noczlo  spray  in  the  Alton 
chamber  a  finite  time  delay  exists  until  mixing  conditions  approaching 
stoichiometric  are  established, 

(e)  the  lack  of  internal  circulation  in  the  smaller  fuel  droplets  pTomotes 
preferential  vaporization  of  the  lighter  fuel  fractions.  This  could 
lead  to  carbon  formation  and  incomplete  combustion. 

The  formula  developed  for  is  used  to  compare  the  effect  of  the  use  of 
different  fuels.  Both  the  formula  and  test  data  from  various  literature  sources 
show  a  definite  gain  in  combustion  efficiency  in  the  modified  Alton  chamber  would 
be  attained  if  a  lighter  hydrocarbon  fuel  than  the  diesel  oil  were  employed. 

The  formula  also  predicts  a  decrease  in  fuel  droplet  lifetime  for  smaller 
droplets,  A  comparison  cf  various  sized  droplets  was  made  during  the  tests  at  Becco 
and  showed  smaller  droplets  to  yield  inferior'  results.  It  mi^w  be  expected  that  the 
increased  velocity  of  fuel  injection  reduced  the  stay  time  in  the  short  chamber  at  a 
faster  rate  than  the  life  time  was  reduced  by  smaller  droplets.  As  the  effective 
length  of  the  combustion  zone  in  the  Becco  chamber  wan  1/Ii  that  of  the  modii'ied 
Alton  chamber,  it  could  be  expected  that  uhe  efficiency  would  be  lowsr  then  that 
experienced  in  the  modified  Alton  chamber. 
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